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ABSTRACT 
After generations of artificial selection and domestication of animals for 
consumption, unintended consequences such as inbreeding depression have impacted 
production via impacts on growth and survival. Outcrossing is a common method used to 
negate these effects and introduce variation to the broodstock. This thesis aims to assess 
how animals respond to novel environments both behaviourally and transcriptionally to 
captivity. Seven wild-domestic hybrid stocks of Chinook salmon (Oncorhynchus 
tshawytscha) and a highly inbred domesticated stock population included as control were 
used in this study to determine what, if any, effects outbreeding has on the variation of 
behavioural and neural transcriptional phenotypes produced. Two behavioural assays 
were completed on the same set of individuals as juveniles and as adults to test for the 
occurrence of traits involved in the acclimation to new environments via traits such as 
sociality, exploration, activity, predator responsiveness and neophilia. These behaviours 
were then contrasted against performance at each time point and across life-history stage. 
We found inter-population variation in four distinct behavioural types and changes across 
ontogeny. In each life stage we demonstrated certain behaviours are linked to 
performance. Whole brain samples were collected from juvenile and adult fish to assess 
via qRT-PCR mRNA expression of genes associated with a variety of neural traits 
purportedly involved in acclimation: stress responses, synaptoplasticity and neurogenesis. 
A subset of transcriptional profiles and candidate genes related to neural stress responses 
and neuroplasticity were able to predict performance, however, there were no stock 
differences in their expression. As more animals are brought into captivity for 
consumption or conservation it is important to consider how behavioural and neural 
responses integrate to affect animal survival and develop efficient screening processes. 
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CHAPTER 1—GENERAL INTRODUCTION 
Responses to Environmental Change 
Natural ecosystems and the animal communities that inhabit them have been exposed to 
unprecedented rates of degradation, invasions and alterations for the last 70 years as part 
of human-induced environmental changes such as climate change and pollution, and 
overexploitation of resources (Waters et al. 2016).  It has been posited that phenotypic 
variation of organisms within a population is the key to species survival in new and 
changing environments (Sih et al. 2011). Populations with diverse phenotypes promote 
population persistence by bet hedging; there is an increased likelihood that at least one 
phenotype can respond adaptively to stressors (Forsman 2013). In addition, within-
individual phenotypic plasticity can also produce phenotypic variation that can be 
adaptive across context, time and environmental stressors (Nussey et al. 2005). For 
example, wild non-migratory birds adjust their basal metabolic rates with seasonal 
changes while migratory birds adjust theirs based on their migratory cycles (McKechnie 
2007). Behavioural flexibility is one example of within-individual phenotypic plasticity 
that allows an organism to cope with environmental change. Flexibility is adaptive to 
variable environments as an individual that is more flexible in their behaviour typically 
relies on more accurate detail from their changing environment and responds more 
appropriately in contrast to individuals that behave consistently regardless of the context 
(Coppens et al. 2010). 
Individuals can also respond to environmental changes mediated through the 
expression of genes associated with neuroplasticity, neurogenesis and the neuroendocrine 
system (specifically the stress response). For example, a study on three teleost fish 
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species found an upregulation of genes with known neuroplastic functions in response to 
increased CO2 in the three-spined stickleback, but not other species, suggesting 
differential coping mechanisms to environmental changes (Lai et al. 2017). Such genomic 
variation in response to environmental change highlights the fine-scale mechanisms that 
underlie short-term and long-term environmental adaptations (Cossins and Crawford 
2005). 
 
Acclimation to change 
While environmental change can select for certain phenotypes over others over 
time, acclimation is the ability of an organism to respond adaptively to a stressor or new 
environment without a change in genotype, with positive consequences for survival and 
condition (Withers 1992; Hendry et al. 2008). More specifically, Peck and colleagues 
(2014) defined acclimation as the change from one physiological stable state to another in 
response to change. An organism that successfully acclimates may respond via 
behavioural, morphological, physiological and transcriptional changes, where if adaptive, 
should result in increased survival, growth and fitness (Christie et al. 2011). For example, 
in response to hypoxic conditions, post-smolt Atlantic salmon (Salmo salar) combine 
physiological and behavioural changes to acclimate to stressful conditions: their stress 
response was down regulated within one week and feeding behaviour was depressed 
during hypoxic conditions and increased during normoxic conditions (Remen et al. 2012). 
A study on zebrafish (Danio rerio) and carp (Cyprinus carpio) found an increase in the 
expression of ependymin glycoprotein resulting in increased levels of fibrous insoluble 
polymers in the brain in response to cold temperatures suggesting it plays an important 
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role in cold acclimation (Tang et al. 1999). The study of the impact of environmental 
variability on the performance of individuals via their (plastic) phenotypic responses to 
this change is important for understanding and eventually predicting how organisms and 
populations may persist under different kinds of human-induced, rapid ecological change 
(HIREC; Sih et al. 2011 , Bozinovic et al. 2016, Schunter et al. 2016) 
 
Domestication and Aquaculture 
Captive conditions is one such form of HIREC, as animals in captivity can experience a 
unique set of selection pressures in comparison to their wild counterparts, as captivity 
creates an altered physical and biological environment that differs from the wild, such as: 
reduced or novel species interactions (i.e., competitors, prey, and predators), confinement 
stressors, and exposure to novel diseases and pollution (e.g., noise, light), all ultimately 
resulting in potential selection of phenotypes that differ from their wild source (Nelson et 
al. 2013).  Acclimation to these new selection pressures can too, be behavioural, 
morphological, physiological or via gene expression (Peck 2011).  A study on Chinook 
salmon (Oncorhynchus tshawytscha) found juveniles raised in captivity had smaller 
olfactory bulbs and telencephalon than wild-caught juveniles of the same age within a 
single generation (Kihslinger and Nevitt 2006). Hatchery environments were found to 
alter the innate predator avoidance of steelhead (Oncorhynchus mykiss) fry, where 
juveniles raised in a hatchery were eaten the most by predators (Berejikian 1995). Wild 
steelhead trout expressed significantly higher levels of gill Na+, K+-ATPase activity than 
did their one generation captive hatchery counterparts, suggesting wild-caught fish 
improved their osmoregulation which may affect saltwater survival (Hill et al. 2006). 
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Finally, a study on wild Atlantic salmon and wild-domestic hybrids raised in the same 
environment found transcriptome differences at across life stage: hybrid sac feeding 
alevin experienced a down-regulation of transcription in genes associated with the 
nervous and immune system and during exogenous feeding a down-regulation of 
environmental information processing (Bicskei et al. 2014). Indeed, even a single 
generation in captivity can cause changes in adaptive behavioural and developmental 
plasticity (Mason et al. 2013).  
Practices in which captive animals are raised for consumption focus on raising 
many large animals as quickly and as efficiently as possible (Kadri et al. 2012). 
Domestication is the cultivation of a population of organisms using artificial selection 
combined with non-random mating to accumulate a set of desirable traits (like tameness 
or size; Gjedrem 1985; Huntingford 2004).  Bacterial, viral and disease resistance, 
survival, rapid growth, and age at maturity are also potential traits that can be selected 
for, provided that these traits are also heritable (Gjedrem 1985; Gjerde 1986; Wang et al. 
2012). For example, Gjedrem (1985) found that the size of Atlantic salmon (Salmo salar) 
could be increased by 30% with each generation when selecting for larger-sized dams and 
sires.  
The process of domestication can additionally inadvertently select for undesirable 
traits. For instance, aggression, boldness and unsuccessful reproductive behaviours have 
been associated with the selection of large-sized fishes in captivity (Brown et al. 2013; 
Kolstad et al. 2005). This can result in bimodal size distribution, with large, but fewer 
individuals remaining at harvest. Domestication has also been shown to affect the brain in 
multiple ways: neuroendocrine responses to stressors are more pronounced in wild sea 
	  	   5	  
trout (Salmo trutta) in comparison to domestic sea trout raised in the same environment 
(Lepage et al. 2000) and eye and brain sizes are smaller in domesticated strains of coho 
salmon (Oncorhynchus kisutch) when standardized to body size (Devlin et al. 2012). 
Artificial selection, while powerful, cannot only inadvertently select for unfavourable 
behavioural, neural, and stress-coping traits, but can lower genetic variation within a 
population (Heath et al. 2003). This can be attributed to nonrandom mating and closed, 
small effective population sizes. Inbreeding is an extreme form of nonrandom mating and 
causes a decrease in heterozygosity, which can increase the expression of deleterious 
recessive alleles and therefore reduce fitness (Coltman et al. 1998). Inbreeding depression 
can therefore limit the benefits of artificial selection, where inbred offspring exhibit lower 
fitness levels than their parents (decrease in size, lower reproductive success; Kincaid 
1976). Resultantly, decreased genetic variation and/or overly bold or aggression 
phenotypes can limit a population’s ability to persist in a changing environment, 
including in captivity (Lacy 1987).  
The aquaculture industry is one of the fastest growing industries for food 
production, providing an important source of protein (Naylor et al. 2001). Aquaculture 
facilities are estimated to provide more than one third of the world’s seafood 
consumption (Naylor et al. 2001). Canada is the eighth largest exporter of seafood 
(Department of Fisheries and Oceans Canada 2008), and in 2010 produced an 
approximate value of 900 million dollars, which provides thousands of jobs and revenue 
(Department of Fisheries and Oceans Canada 2010). In Canada, the production of Pacific 
and Atlantic salmon dominate the aquaculture industry (Stats Canada 2013).  The 
ultimate goal of salmon aquaculture is to maximize growth rates in a short period of time 
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to rapidly and efficiently produce a marketable fish size to achieve maximum economic 
gain (Gjedrem 2000). However, salmon aquaculture, too, can suffer from the same 
negative impacts caused by domestication for production purposes: increased aggression 
(often associated with exploratory behaviours and boldness; Conrad et al. 2011), reduced 
size of brain structures which can affect foraging and predator avoidance behaviours and 
reduce phenotypic plasticity important for acclimation to stressors (Marchetti and Nevitt 
2002), repetitive and unnecessary behaviours (Mason 2013), and reduced genetic 
variation that can result in reduced survival, and therefore, disadvantageous production 
costs.  
 
Outbreeding: Selection of traits 
Increasing genetic variation in a population in aquaculture can be completed by 
introducing novel genetic material (outbreeding; Bryden et al. 2004; Cote et al. 2014). 
Outbreeding can be used as a tool to introduce genetic variation to a population with high 
genetic similarity created by inbreeding and artificial selection. This increase in 
heterozygosity results in increased fitness by overdominance of heterozygotes or masking 
deleterious alleles (Edmands 2006). Outbreeding, however, does not always result in 
heterosis; instead outbreeding depression can occur as a result of genetic incompatibility, 
disruption of co-adapted gene complexes, or disrupt interactions between genes and 
environment (Cote et al. 2014; Edmands 2006). Hybridization subsequently results in 
suboptimal phenotypes where individuals may not express adaptive responses to the 
conditions imposed by captive environments. It is necessary to therefore develop a 
screening process using a variety of outbreeding crosses to carefully select outbreeding 
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sources that can not only increase genetic diversity, but also generate appropriate 
phenotypes for captive conditions and thus contribute to the optimal growth, survival, and 
acclimation success of individuals in captivity (Neff et al. 2011).  
 
Animal Behaviour and aquaculture 
When experiencing environmental change, animals can first respond behaviourally, then 
physiologically and through genetic change (Wong and Candolin 2015).  Behavioural 
responses can therefore be considered the first line of defense to environmental stressors 
or novel environments and can facilitate survival and success (Sih et al. 2011).  In an 
ever-changing environment, behavioural variation is important for appropriate responses 
to human induced environmental change. Individual behavioural variation or behavioural 
flexibility, where individuals can respond differentially to multiple contexts and/or over 
time (Sih 2013), is typically selected for in a stochastic environment (Komers 1997) and 
when ontogenetic shifts require a change in habitat (White et al. 2013). Therefore when 
selecting an outbreeding source, choosing one that exhibits flexibility, and a stress-coping 
style that enables a swift recovery should be ideal for acclimating to captivity where 
environmental conditions are novel and transient (Copppens et al., 2010; Mason et al. 
2013). In contrast to a flexible phenotype, an individual that possesses specialized traits 
or exhibits little variation in behaviour for a particular environment may not adjust well 
to changes associated with a new one (Murren et al. 2015). These canalized responses, 
which are consistent and repeatable behaviour across different contexts and time can be 
termed behavioural syndromes (i.e., personality) (Bell et al. 2009), and do best when 
environmental conditions are constant.  
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In addition to considering the degree to which behavioural traits can (or cannot) 
change, determining which behavioural traits are important for acclimation and 
production is important for aquaculture farming. Behavioural assays can be employed to 
target behaviours from the five axes of animal behaviour and personality that have both 
direct and indirect bearing on performance in aquaculture: neophilia, exploration, activity 
levels, sociality, foraging and anti-predator reactions (Conrad et al. 2011). Neophilia and 
exploration are indicators of acclimation (Sol et al. 2013) as they can assess latency to 
explore/investigate and hence recovery rate; while foraging success and activity levels 
may be linked to growth potential (and eventual flesh quality at harves). A review by 
Huntingford in 2004 cites social interactions (aggression), foraging and anti-predator 
behaviours to be distinct between domestic and wild fishes, suggesting that these 
behaviours are important to consider in outbred aquaculture stocks one generation 
removed from the wild. To maximize production, behaviours that are necessary to 
maximally and successfully rear anadromous salmon at each life stage should 
additionally be considered, since conditions are variable; for instance, in a hatchery 
setting there is a barren and artificial environment with transient disturbances, while 
conditions in a net pen are semi-natural and susceptible to unpredictable environmental 
changes. 
 
Neural function and aquaculture 
Just as behaviours can respond to environmental change, the environment plays an 
important role in the plasticity of neural traits (Hofmann 2003). Neural responses to the 
environment can be in the form of neuroplasticity (structural and morphological changes 
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in the brain) and stress responses via the neuroendocrine system. Studies on the structural 
changes of the brain in response to domestication and captivity have typically involved 
reductions in size and plasticity (Huntingford 2004). Neuroplasticity supplies a basis for 
learning and behavioural stress coping (Sorensen et al. 2013), which should aid in 
acclimation to novel stressors. Fish with a high stress response to common aquaculture 
stressors could exhibit poor growth and immunocompetence (Barton and Iwama 1991), 
which would negatively impact aquaculture production. One way to quantify these 
responses is to look at gene expression. We chose genes associated with these processes 
to determine their potential contribution to the acclimation and growth of Chinook 
salmon aquaculture. 
Gene expression is the production of functional protein via transcription and 
translation, where information encoded in genes is used to produce a gene product (e.g. 
functional protein). The first step, transcription, involves the conversion from stable 
double stranded DNA to single-stranded messenger RNA by the RNA polymerase 
enzyme. A transcriptional response can occur when an organism is responding to 
environmental changes or stressors  (Wellband and Heath 2017) and domestication 
(Devlin et al. 2008). This response will alter protein levels and creates changes in cell 
function to appropriately respond to and cope with environmental changes (Clancy et al. 
2008). Transcriptional variation is linked to phenotypic variation wherein some 
transcriptional profiles can provide fitness benefits; for instance, populations with an 
upregulation of immune genes may be more suited for and successful in reintroduction 
attempts  (He et al. 2014). Variation in transcriptional responses can exist between 
individuals (Evans et al. 2015) and populations (Debes et al. 2012), providing both inter 
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and intra-population differences, which can be important considerations when selecting 
outbreeding sources. 
 Molecular genetic tools have become increasingly popular as a means to study 
fisheries management and aquaculture improvement. Recent studies have explored the 
use of gene expression to determine optimal broodstock selection to improve the 
production of aquaculture where tools are developed to select for growth rates, disease 
resistance and food efficiencies (Nielsen and Pavey 2010).  Therefore, transcription can 
be used as a means to study the response of multiple domestic-wild hybrid stocks to a 
novel environment and determine if the expression of gene(s) can affect acclimation 
success. Candidate genes associated with neural function, as well as stress and behaviours 
can be used to quantify responses to novel environments and to determine whether there 
is a relationship between neuroplasticity and successful acclimation (Sorenson et al. 
2013). Creating transcriptional profiles by determining how transcription of several genes 
may be correlated offers one the additional opportunity to see how genes function as a 
part of a network; and their capability to predict performance requires the examination of 
multiple genes together (Fischer et al. 2016, Filteau et al. 2013). 
Study species 
Chinook salmon are an anadramous, semelparous species and the largest of the Pacific 
salmonid species (Healy 1991). They have a large natural range that extends from Alaska 
to California and along the Asian Pacific coast and their culrure plays an important role in 
recreational fisheries, aquaculture and supplementing native populations (Groot and 
Margolis 1991; Department of Fisheries and Oceans 2013). Wild Chinook salmon have 
natal stream fidelity where they consistently return to their natal streams to spawn and 
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die. This unique mechanism has facilitated genetic isolation of populations and evolution 
of population-specific adaptations to biotic and abiotic factors in their streams (Dittman 
and Quinn 1996). They therefore provide an excellent study system to determine whether 
behavioural and transcriptional variation of neural and stress genes exists among 
populations. Since they undergo a natural shift in habitat, they should have the underlying 
mechanism of flexibility to acclimate to novel environments as well, and maximize 
alternative goals at different life stages.  
 
Thesis Objectives 
My thesis seeks to determine whether ideal behavioural and neural transcriptional 
phenotypes for aquaculture exist in the first generation of seven wild-domestic hybrid 
populations bred in captivity, with the overall goal of selecting one high-performing 
source for outbreeding stock selection. To carry out my research, I used a series of 
behavioural assays and explorative and inferential statistics to i) quantify behavioural 
types for each population at juvenile and adult stages (Figure 1.1), and ii) determine 
whether certain behavioural types are related to acclimation in both juvenile and adult 
fish using survival and growth as metrics of acclimation. Transcriptional profiles and 
candidate gene transcription of neural responses (neuroplasticity, stress and behaviour) 
were performed on juveniles and adult brains (Figure 1.1) to assess whether i) 
transcriptional differences exist among populations and ontogenetic environmental shifts, 
and ii) if certain transcriptional profiles or candidate gene transcription might affect 
acclimation, again using survival and growth as metrics. By measuring aquaculture 
performance traits, I tested the hypothesis that behavioural types and neural 
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transcriptional profiles play a role in the acclimation success of hybrid populations in 
captive conditions - aquaculture.    
The breeding design for this study resulted in one fully domestic control 
population where milt and eggs were collected from a highly inbred domestic population 
(YIAL) and seven hybrid wild-domestic populations where milt was collected from seven 
regionally sourced Chinook salmon populations and crossed with eggs from YIAL. 
In Chapter 2 I first assess whether variation in behavioural types persist within and 
among the hybrid offspring, and if so, if any can be related to high growth rate and 
survival across the fresh- and saltwater life-history stages. Behavioural assays were 
completed at two time points (June 2014 and May 2015) and the same individuals were 
followed from juveniles to adults (Figure 1.1). In Chapter 3, I examine whether neural 
transcriptional profiles or a candidate gene approach is better at predicting the 
acclimation success of juveniles and adults to develop genetic tools that can assay for the 
expression of genes that confers desirable responses to life in captivity. Brains were 
collected at two time points, June 2014 from parr in fresh water and June 2015 from 
adults in salt water (Figure 1.1). By measuring behavioural and genomic traits across 
many populations it provides us with a unique opportunity to investigate the effects of 
phenotypic variation to environmental change among multiple populations and across 
multiple fields of disciplines. By examining the effects of behavioural and genomic traits 
on key metrics important to aquaculture (survival and growth) during the early transition 
of populations integrated into aquaculture conditions, my thesis as a whole represents a 
unique examination of whether salmon from different populations and across 
environments possess the same mechanisms to acclimate to novel environments, if these 
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facilitate aquaculture performance and whether screening tools can be applied to 
salmonid aquaculture practice at a large scale.  
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Figures 
 
 
 
Figure 1.1 Methodological overview of each data chapter with brief life history 
information. 
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CHAPTER 2—BEHAVIOURAL VARIATION OF OUTCROSSED CHINOOK 
SALMON (ONCORHYNCHUS TSHAWYTSCHA): APPLICATIONS FOR 
AQUACULTURE PERFORMANCE 
Introduction 
Over the past several decades aquaculture has undergone rapid growth (FAO 2016) to 
meet consumer demands that natural populations can no longer sustain (Allendorf et al. 
1997, Pauly et al. 2002, Merino 2012), emphasizing the importance of efficiency and 
welfare of aquaculture practices. As of 2010, Canada has become the fourth largest 
producer of farmed salmon with more than half of this production located in British 
Columbia (DFO, 2013). While Atlantic salmon (Salmo salar) is the predominant species 
raised for aquaculture on the west coast of Canada (Withler et al. 2005), the Pacific 
Chinook salmon (Oncorhynchus tshawytscha) is being pursued as an alternative choice 
due to its high price value (Naylor 2003), and the potential for reduced ecosystem 
impacts in comparison to those purportedly associated with raising exotic species (Naylor 
2003, Morton 2016). Because the production of finfish is crucial to Canada’s economy 
and as a sustainable food source (Fisheries and Oceans Canada 2013), an important 
consideration is the maintenance of healthy genetic stocks via supplementation and 
breeding practices, and developing screening practices to ease the transition, acclimation, 
and adaptation of wild stocks into captivity when necessary to maximize food production.  
In an attempt to profitably raise many animals to marketable size, artificial 
selection is used in aquaculture to accumulate desirable traits associated with large body 
size, rapid growth rates and high survival (Kadri et al. 2012). These selective processes 
are evident in the phenotypic differences subsequently exhibited between wild-captured 
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salmonids and their captive-raised counterparts, where studies have found differences in 
morphological characteristics (Coho salmon: Swain 1991, Fleming et al. 2011), survival 
and growth rates (steelhead trout: Reisenbichler and McIntyre 1977), and agonistic 
behaviours (Coho salmon: Einum and Fleming 2001). These selection pressures can act 
rapidly as well; for example, the size of Atlantic salmon can be increased by 30% in a 
single generation while using large body size as a determining factor for brood stock 
selection (Gjedrem 1985). The act of selecting for specific traits such as growth or 
disease resistance in aquaculture has led to practices in choosing phenotypically similar 
individuals for brood stock selection, resulting in ever smaller pools of individuals to 
sample from. Consequently, the potential for increased inbreeding depression can 
inadvertently occur, resulting in a decrease in genetic variation and subsequent reduced 
survivorship through the exposure of deleterious alleles (Edmands 2007), and even 
reduced size (Kincaid 1983). 
To redress and/or circumvent inbreeding within broodstocks, intentional 
hybridization of the captive population to a closely related wild or other domestic 
population (outbreeding) is performed as it can infuse new genetic material into an inbred 
line. This practice can result in either desired heterosis, or (multi-generational) 
outbreeding depression should hybridization of genetically incompatible or distant 
populations occur (Gharretta et al. in 1999; Houde et al. 2011). Careful selection of 
outbreeding sources is therefore required to achieve adaptive genetic diversity – i.e., the 
proposed level of diversity that maintains fitness for individuals in captivity (Neff et al. 
2011). In addition to the goal of increasing genetic diversity, careful consideration of 
appropriate phenotypes for captive conditions is also critical, as is how they contribute to 
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the optimal growth, survival, and acclimation success of individuals in captivity. Captive 
environments can be, by their very nature, radically different from the wild, and likened 
to human-induced, rapid ecological change: there is eliminated interspecific competition, 
a lack of predators, high conspecific densities and confined spaces, novel food items, and 
higher incidence of disease (Mason et al. 2012). Therefore one criterion in the screening 
process for a suitable outbreeding source is the expression of appropriate behaviours in 
captivity. Behaviour is often the first of defense in response to a novel environment, and 
how a species or population may respond is important for understanding their success in 
growth/survival and in their acclimatization to a host of new stimuli (Schreck et al. 1997). 
Behaviours once adaptive in the wild may no longer be ideal or selected for in captivity: 
for instance, anti-predator responses to disturbance (by fish farmers) are an unnecessary 
reaction which can result in energetic deficits (Kuehne et al. 2012); high activity levels 
are no longer required for successful foraging (Braithwaite and Salvanes 2005; Biro and 
Stamps 2008); and aggressive behaviour is energetically wasteful when little inter-
individual competition should exist if fish are fed ad libitum (Nicieza and Metcalfe, 
1999). These behaviours, should they persist in captivity, may result in slower growth 
rates, injuries, and possible decreased survival. Selecting against these behavioural traits 
of newly introduced stock can occur within one to several generations (Huntingford 
2004); however, behavioural variance has also been shown to increase over successive 
generations in captive conditions due to relaxed selection, resulting in maladaptive 
behaviours negatively impacting desired performance (McPhee 2004).  Additionally, the 
transition to captive living requires short-term acclimation for survival, but over 
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generation(s) of selection, captive breeding can directly select for adaptive traits and 
indirectly select for maladaptive traits (Christie et al. 2011; Einum and Fleming 2001).  
One of the challenges of outbreeding captive anadromous salmon is 
accommodating their evolutionary transition from fresh water to salt water. This natural 
change in habitat should require salmon to possess a degree of behavioural flexibility to 
respond adaptively to multiple environments and changing stimuli over time (White et al. 
2013). However, desirable behaviours for maximizing “aquaculture” fitness (i.e., biomass 
– number and size of fish) may be different than the selective pressures in the wild, and 
equally may vary across aquaculture environments due to different producer goals at each 
stage. In the freshwater stage, aquaculture practices should attempt to prioritize 
habituation to artificial stressors. The ideal fish would therefore possess a behavioural 
phenotype that displays adaptive flexibility, where their behaviour is guided by stimuli 
from the environment, and they respond adaptively (Coppens et al. 2010). In the 
freshwater aquaculture environment, this would be juvenile fish that exhibit low anti-
predatory behaviour and aggressiveness (wasted energy; results in bimodal size 
distribution) and high exploratory and neophilic behaviours (more adept transition; forage 
novel food items). In salt water, the priority becomes that of mainly growth, where a 
more inflexible, bold and aggressive behavioural type that focuses solely on feeding may 
be thought to be ideal, but behaviours such as low aggression are still important to save 
energy, low exploratory tendency to reduce escapes and maintain focus on feeding, 
intermediate anti-predator responses to avoid the few, but potential predators known to 
attack fish through net cages (harbor seals, herons, bald eagles; J. Heath, pers. comm), 
and a coping style allowing the quick return to baseline behaviours after a disturbance are 
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all still critical. Overall, efficiently responding to environmental stimuli while 
maintaining appropriate foraging behaviours can result in optimal survival and growth. 
Consequently, stocks ultimately selected for outbreeding that exhibit the potential to 
respond to environmental variation through behavioural flexibility may be most likely to 
perform well in captivity by responding well to/coping with changes and novel stimuli 
(Dingemanse and Wolf 2013).  
In this chapter, my overall goal is to determine whether there exists an ideal 
aquaculture behavioural phenotype across the fresh- and saltwater life-history stages of 
Chinook salmon that results in high growth rate and survival. Specifically, our main three 
objectives are to: (1) assess whether outbreeding of a captive Chinook salmon stock to 
multiple wild stocks creates variation in behaviour among hybrid offspring at each life-
history stage; (2) examine whether behaviours are consistent within individuals across the 
fresh- and saltwater environments; and (3) determine whether particular behavioural 
phenotypes at each life-history stage are predictors of performance (size, growth rates, 
survival and biomass) in the saltwater phase. We address these objectives using Chinook 
salmon offspring from crosses between highly inbred domestic females (to control for 
maternal effects) and males from seven wild populations, as well as a control domestic 
population. We hypothesize that individuals with the most behavioural flexibility will 
perform best in a novel environment with a new range of conditions. We also predict that 
due to the potential genetic differentiation between source populations, there may exist a 
stock with individuals that exhibit the ideal aquaculture phenotype. We subjected the 
offspring of the domestic-wild and domestic-domestic crosses to a series of behavioural 
assays at two life history stages to test for: neophilia, exploration, activity levels, 
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sociality, food-motivation and anti-predator reactions. These behaviours, representing the 
five broad axes of animal behaviour and personality (Conrad et al. 2011), are relevant 
indicators of flexibility (neophilia, exploration, predator recovery; Sol et al. 2013), and 
growth potential (foraging- and activity levels), and are potential screening targets for 
aquaculture production (Huntingford and Adams 2005). 
 
Methods 
Animal husbandry 
All fish were raised at Yellow Island Aquaculture Limited (YIAL), a Pacific salmon 
hatchery and aquaculture facility located on Quadra Island, off the eastern coast of 
Vancouver Island in British Columbia [Lat - N 50° 7' 59.124", Long - W 125° 19' 
51.834"]. Gametes were collected in October 2013 and fertilized November 2, 2013. The 
dams used in the breeding design were the offspring of a self-fertilized functional 
hermaphrodite Chinook salmon (produced through hormonal manipulation; Komsa et al. 
2012). This produced highly inbred, genetically homogenous offspring to limit maternal 
effects (Heath et al. 1999). Eggs were collected from 17 YIAL dams, pooled and then 
divided into 80 groups. Milt was retrieved from seven Salmon Enhancement Program 
hatcheries (Figure 2.1) on Vancouver Island and the lower mainland, and from the YIAL 
domestic broodstock. Each of the eight stocks contributed milt from 10 sires, each of 
which then fertilized the 80 groups of eggs. This resulted in 10 families per stock (total 
n=80).  
The fertilized eggs were incubated in replicated divided vertically stacked 
incubation trays by family until March 14, 2014 when they were transferred to 200 L 
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barrels (n=160). The hatchery contained a flow through system, and water temperature 
and dissolved oxygen were monitored daily and maintained at 10-12o C and above 80%, 
respectively. The fry were divided in equal densities by family in duplicate and fed to 
satiation. All fish were tagged with passive integrated transponder (PIT) tags from June 
12 to June 16, 2014 for future identification and received Vibrio vaccination on July 7, 
2014. After PIT tagging, the parr were transferred from their family-specific replicate 
barrels to mixed-stock recovery troughs (in duplicate) for preparation for vaccination and 
transfer to saltwater net pens. On August 11 and 12, 2014 tagged fish were transferred to 
sea net pens (4.6m x 4.6m x 4.6m) in the Pacific Ocean (50°7′N and 125°19′W) with 500 
fish in each net pen, divided by stock and in duplicates (n=16 pens). Temperature and 
dissolved oxygen was measured weekly and pen temperature ranged from 7-8o C and 
above 60%, respectively. Each pen was fed several times daily to satiation.  
 
Freshwater behavioural assay 
From June 21 to June 27, 2014, a total of 20 behavioural trials were completed between 
7am to 2pm. For each trial, a total of 24 opaque arenas, as shown in Figure 2.2 (Aquatic 
Habitats Inc, Apopka, Fl.; 9L capacity, 22.7 cm x 34.4 cm x 19cm) were arranged in grid 
pattern. Two GoPro cameras (Woodman Labs, Inc., USA) were ceiling-mounted to 
ensure full arena coverage. Each arena had a constant water source and overflow drain to 
ensure constant water level, temperature and oxygenation, similar to that of their housing 
barrels.  
Each arena housed one fish per trial (n=24/trial, total n=480 fish) for its 1.5-hour 
duration. Parr were sampled from the stock aggregate troughs, each of which contained 
	  	   28	  
individuals from all of the 10 families per stock. Although individuals were sampled from 
all 10 families for each stock, there was not equal representation (between 2 -14 
individuals were randomly sampled from each family).  
Once each individual had been placed into their respective arenas, a transparent 
plexiglass lid was placed over the arena to ensure no escapes. The room was then 
evacuated and the behavioural trial began. Each trial had a series of successive 
behavioural assays modified from Adriaenssens and Johnsson (2013): open field test 
(OFT), mirror test (MT), novel object test (NOT) and predator stimulus test (PST). The 
entire list of behavioural variables measured can be found in Table 2.1.  
The first thirty minutes of the trial began with the open field test; there were no 
other stimuli present. Its purpose is to allow for acclimation to a new environment, assess 
exploration (time spent in the centre vs. in the peripheral, frequency of zone transitions) 
and activity level (duration of time mobile or immobile, average velocity). This portion of 
the trial was analyzed afterwards with Ethovision XT 10 (Noldus, USA), a semi-
automated tracking software that allows for the designation and assignment of zones 
(Figure 2.2) over the working arena space (centre vs. peripheral) to quantify movement 
and behaviour. Only the last 25 minutes of the 30 minutes were used in analysis as the 
behaviour in first 5 minutes could have been in response to the presence of the researcher.  
After 30 minutes of the OFT, mirrors were inserted into one end of each arena 
(Figure 2.2). After the room was evacuated, the 30 minute MT began. Just as the OFT, 
this portion of the assay was analyzed using Ethovision XT 10. The mirror test is 
designed to analyze sociality (aggressiveness, parallel swimming/seeking refuge with a 
conspecific), and has been validated as a proxy for live social stimuli when fish interact 
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with the mirror from a certain distance (e.g., guppies; Cattelan et al. 2017) as such we 
collected data from a zone in front of the mirror, not solely mirror inteaction.  
To assess neophilic behaviours, a small buoyant sphere of vegetable shortening 
coated in fish-food pellets (1.5 mm in diameter) was placed into each arena after the 30-
minute MT. During this time the mirror remained. The combination of the mirror and a 
novel food object would allow for the determination if individuals are food-driven all 
while a conspecific remains present. This portion of the assay was scored manually, using 
Solomon Coder (copyright András Pétér, http://solomoncoder.com) to measure durations 
of time spent at the mirror (in parallel/ perpendicular orientations) and the novel object, 
the latency to approach the novel object, and counts/tallies to record frequencies of 
approaches to the novel object (Miller et al. 2016). This software allows one-time event 
behaviours, or behaviours that require duration values, to be manually defined and 
quantified. 
After 75 minutes a predator stimulus (a 3D silhouette of a fish predator) was 
transiently (1-3 seconds) passed over the arenas. This allowed for the determination of 
the degree of reaction to a predator/disturbance and the amount of time taken to return to 
previous behaviour. During this time, the food and mirror were still present in the arenas. 
As with the previous assay, the PST was also scored manually to measure durations of 
time spent nosing the arena edges (escape behaviour) and time spent at the mirror and 
latency to return to previous behaviour.  
 Following the completion of the assay, fish were removed from their arenas, 
lightly anesthetized with a diluted clove oil solution (20ppm; Sigma Inc.), visually 
assessed for injury and processed (mass and images were recorded and fin clips taken). 
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They were then recovered in large oxygenated buckets and returned to their troughs. 
Subsequent sampling from troughs ensured that no fish with clipped fins were assayed 
again.  
 
Saltwater behavioural assay 
From May 18-21, 2015, sea pens were collapsed from 16 duplicated stock pens to 8 stock 
pens. The empty 8 net pens were shallowed in depth (15m x 15m x 10m) and used for the 
in situ saltwater behavioural assay. Since these assays would be completed at a stock 
aggregate level, each individual was tagged for identification. During the net pen 
combination, fish from both net pens were seined and each fish was PIT tag scanned and 
weighed under light anesthesia with clove oil (20 ppm; Sigma). Fish used in the 
freshwater behavioural assay were identified and tagged with unique colour-coated 
spaghetti tags (Floy Tag Inc., Seattle, Wa.) for visual identification. Two tags were used 
per fish, inserted on either side, below the dorsal fin.  After an hour of recovery in an 
aerated hauler with continuously pumped seawater, fish were gently returned into an 
empty net pen, separated by stock. A total of 360 fish were tagged, ranging from n = 37 
to 51 per stock. The final number of surviving individuals post transfer with reliable 
behavioural data were n = 122, ranging from 9 to 20 individuals per stock.  
 After four days time (for recovery), the saltwater behavioural assays began. The 
assays were completed from May 23 to May 27, 2015 and between 8am-11am each day. 
To record behaviours, GoPro cameras (mounted on PVC frames) were lowered into the 
net pens at three locations (two on opposite sides of the net 5m in depth with horizontal 
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views (cameras 1 and 2); and the third on the bottom facing upwards (camera 3)). The 
entire list of behavioural variables collected can be found in Table 2.2.  
The assay began when a weighted net, with a smaller mesh size than the net pen, 
with a large hole in the centre (30 cm in diameter) was lowered into the water and tied 
into place dividing the net pen in half with no space to escape, save through the hole. This 
net was in place for 45 minutes to assess neophilic and escape behaviours (NOT). 
Cameras 1 and 2 captured interactions of fish approaching both the net and the hole. Both 
videos were observed and manually recorded with Solomon coder to determine latency of 
approach to the net and hole, durations of time spent inspecting the net and hole (within 
one body-length distance), and counts/tallies to measure frequencies of approaches to the 
net, inspections of the hole and ‘escapes’.  
After the net was removed, the 15-minute OFT began, but only the final 10 
minutes were used to code behaviours (on average it took fish five minutes to recover 
from the disturbance of net removal). We measured the proportion of time spent in 
designated zones (peripheral and centre), styles of swim (immobile, mobile, burst 
swimming and shoaling), the latency to travel to the centre zone and the frequency of 
visits to the various zones.  
Following the completion of the OFT, one scoop of food (approximately 500 
grams) was administered to the centre (feeding test; FT) of the net pen and again after a 
PST. This was to analyze motivation for feeding with and without potential risk present. 
After the first feeding bout, a mock seal predator (90 cm x 45cm x 45cm) was suspended 
into the water and pulled across the surface several times and in several directions for one 
minute. Reactions to the predator were recorded as well as the behaviours associated with 
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recovery post-predator. Immediately after it was removed, the second scoop of food was 
administered to the net pen.  
 
Performance metrics 
Survival as a performance metric was determined from June 21 to 27, 2014 (time at 
freshwater assay) to May 18 to 21, 2015. This time period was after recovery of PIT 
tagging and prior to spaghetti tagging, so one can assume mortality was not due to these 
events. Saltwater survival (9–19 months post fertilization) was calculated by coding 1 for 
fish that were alive at both sampling dates, and 0 for fish that were alive at 9 mpf but no 
longer found at 19 mpf. Body mass (g) at time of the freshwater and saltwater assays for 
each individual was recorded, and biomass calculated per family (product of average 
family mass and number of family-level survivors). Freshwater biomass was calculated 
from post-hatch to transfer to saltwater net pens and saltwater biomass was calculated 
from saltwater transfer to final sampling.  
 
Statistical Analyses 
Statistical analyses were completed using JMP Version 12 (SAS Institute Inc.) or as 
otherwise indicated. All data were visually inspected for normality and quantile range 
outlier tests completed prior to analyses. To achieve normality, data were log10 
transformed where appropriate. Significant effects were assessed at a significance level of 
α =0.05. 
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Principal component analysis of behaviour 
A principal component analysis (PCA) was conducted on each behavioural assay (i.e., 
OFT, MT, NOT and PST) to manage the large number of variables recorded for each test 
and identify trends in fresh/saltwater behaviour. The number of factors retained from 
each PCA was based on Kaiser criterion (eigenvalue > 1). In the freshwater analyses, two 
components were identified from behavioural variables produced by the OFT and 
accounted for 90.4% of total variance (Table 2.3). PC1 described variables associated 
with activity level where positive values denoted individuals with higher activity levels 
(greater distance moved, greater average velocity, and more movement through zones). 
PC2, labeled as centre preference, was related to variables negatively correlated with 
distance to centre and positively correlated with duration and frequency in centre zone. 
Two components were also extracted from behavioural variables produced by the MT, 
which explained a total variance of 73.5% (Table 2.4). PC1 described variables related to 
asociality (negatively correlated with interaction with the mirror and positively correlated 
with duration and frequency in baffle (opposite) zone). PC2 described variables 
associated with activity level where individuals with positive values had greater activity 
levels (higher frequency of zone movement and greater distance moved at the mirror). 
Due to the spatio-temporal overlap of NOT and PST, variables for each had to be 
combined into a PCA. When PCAs were conducted separately, the subsequent PCs for 
both PCAs were highly correlated and uninformative. Four components were extracted 
from these behavioural variables and explained a total of 81.9% of the variance (Table 
2.5). PC1 described variables associated with neophilia (negatively correlated with 
latency to approach novel object and positively with number of approaches to novel 
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object). PC2 loaded variables associated with avoidance behaviours from the mock 
predator by nosing the edges of the arena, assumed to be individuals looking for a point 
of exit. PC3 described predator sensitivity where a low score was assigned to individuals 
with no reaction to a predatory disturbance and a high score was assigned to individuals 
with the greatest response to a predator stimulus. PC4 was associated with sociality, 
where individuals with positive and high values were more ‘social’, as defined by 
spending time in the mirror zone before and after the predator stimulus. Finally, each PC 
generated by the initial three PCAs was loaded into a subsequent aggregate PCA to 
identify overall behavioural types at the freshwater time point. These PCs resulted in four 
overall behavioural phenotypes that explained 64.2% of the total variance (Table 2.6). 
PC1 was associated with exploratory behaviours (positively correlated activity level for 
OFT and MT and neophilic behaviour). PC2 represented sociality across MT and 
NOT/PST assays. PC3 represented shy individuals that exhibit escape behaviours 
NOT/PST and avoid risky areas of the arena in the OFT (i.e., centre). Predator sensitivity 
was solely loaded into PC4.   
The same PCA protocol was followed for saltwater behaviours. The PCA for 
behaviours collected for the OFT produced three components, which explained 74% of 
the total variance (Table 2.7). PC1 described centre preference (individuals scoring 
positive values for this PC spend more time in the centre of the pen, visit the centre more 
often and are quicker to enter the centre zone). PC2 described shy individuals (Toms et 
al., 2010) (positive values were associated with inactivity and time spent in the net’s 
peripheral). PC3 was associated with sociality (positively correlated to time spent 
schooling and burst swimming).  
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Behaviours collected from the first feeding test produced one component only, 
which explained 74% of the overall variance (Table 2.8). Individuals with positive values 
fed more quickly, for a longer time and more frequently. The PCA conducted on PST and 
the second feeding test produced two components (Table 2.9). Positive values for PC1 
describe individuals that have a greater response to a predator stimulus/disturbance as 
defined by more time spent schooling, taking longer to return to pre-PST behaviour and 
are quicker to school in response to predator.  Positive values for PC2 described 
individuals that tended to be motivated by the presence of food (they spent more time 
feeding post-predator stimulus).  
Behavioural traits for the NOT, which produced two components, explained 78% 
of the total variance (Table 2.10). PC1 described neophilia, with positive values denoting 
individuals that were more prone to inspect the novel net without exhibiting escape 
behaviours (positively correlated to the frequency of net inspections and negatively 
correlated to the latency to approach the net). PC2 described escape behaviours 
(willingness to approach and then travel through the 30-cm diameter hole).  
All PCs produced from each assay were included in a final aggregate PCA to 
determine overall behavioural phenotypes for the saltwater behavioural test. Four 
components were extracted, representing 60% of the total variance (Table 2.11). PC1 
loadings were food-motivated, representing individuals that were efficient and quick to 
feed in the absence of risk and maintained this behaviour in the presence of a predator 
stimulus. Positive PC2 scores denoted individuals exhibiting risk-averse behaviour to the 
predator stimulus, and spent less time inspecting the novel net and hole. PC3 represented 
exploratory behaviours, with positive values related to individuals frequently using the 
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centre of the arena, exploring novel areas (holes in nets) and were less shy (preferred to 
be mobile in the centre). Finally, PC4 was solely explained by social behaviour where 
individuals with positive scores are more likely to spend more time in close proximity 
with conspecifics during the OFT. The four final saltwater phenotypes were positivized, 
by adding a constant value to each score to allow for log transformation, and log10 
transformed to ensure normal distribution. This was not done for freshwater phenotypes 
as distribution was normal. 
 
Variation in behavioural types among stocks 
Using the R package MCMCglmm (Hadfield 2010), we analyzed behavioural differences 
between stocks in a multivariate context. This is a Bayesian approach to generalized 
linear mixed models to assess covariation of behaviours across stocks and control for 
random effects, as a MANOVA cannot. The cbind function (R Team 2014) accounts for 
covariance that may be present between our response variables (PCA-derived behavioural 
phenotypes). Stock was a fixed effect while individual ID, family ID, and barrel/sea pen 
ID were random effects. We used an uninformative inverse Wishart prior for the run 
models. We used the default settings for number of iterations, burn-in functions and 
thinning to yield an effective sample size of 1000, 95% confidence intervals and posterior 
means of the estimate. Trace and density plots were visually inspected to check for 
convergence and autocorrelation of chains.   
 
Effect of behaviour on growth within life-history stages 
Linear mixed models (LMM) were used to determine the effects of behaviour on growth 
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metrics within each respective life-history stage: freshwater mass, saltwater mass, and 
change in mass. Specific growth rate (SGR) in saltwater (9–19 months post fertilization, 
mpf) was calculated using the formula SGR=100(ln W1 – ln W0) t-1 where W1 
represented final body mass at 19 mpf, W0 represented initial body mass at 9 mpf, and t 
represented number of days between the initial and final masses (average 328 days). For 
each model, all behavioural types (aggregate PC’s from fresh or salt water), stock, and 
interactions between type and stock were included as fixed effects. Family ID, barrel ID 
and sea pen ID (where appropriate) were also included as random effects for both models. 
 
Consistency of behavioural types across life-history stages 
LMMs were used to explore the effects of freshwater behavioural phenotypes of juveniles 
(i.e., aggregate PC’s: exploratory, sociality, shy, predator sensitivity) on saltwater 
behavioural phenotypes (exploratory, sociality, risk averse, food motivation) of adults, 
with stock and stock × behavioural phenotype interactions included as fixed effects, and 
family included in the model as a random effect. 
 
Behavioural effects on performance traits across environments  
Similarly, a LMM was used to explore the effects of juvenile behavioural type on future 
saltwater growth metrics (saltwater family-level biomass and individual saltwater mass 
and SGR). Freshwater behavioural types, stock, and their interactions were included as 
fixed effects, and family ID, barrel ID and sea pen ID as random effects. A generalized 
linear mixed model (GLMM) with a specified binomial family and logit link function 
was used to explore the effects of freshwater behavioural types and mass on saltwater 
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survival data (1-alive, 0-mortality) using the glmer function in the lme4 package in R 
(Bates et al. 2015). Freshwater barrel ID, family ID and stock were included as random 
effects in this model.  
 
Performance across environments 
A LMM was used to examine whether individual mass or family-level biomass at the 
freshwater stage can be predictive of future adult mass, saltwater specific growth rate or 
family biomass. Fixed effects included freshwater mass, freshwater biomass, stock and 
stock × mass/biomass with family ID as a random effect. Family level biomass was 
assigned to each individual and averaged to determine stock differences in biomass for 
each life stage. A Tukey HSD post-hoc test was completed in JMP and graphically 
depicted in Figures 2.3 and 2.4 where different letters represent significant differences.  
 
Results 
Variation in behavioural types across life-history stages 
Behavioural types emerged across the multiple assays fish were subjected to, and differed 
across life-history stages. Although different assays were used when testing behaviour, 
the same/similar variables were measured during video analysis (Tables 2.1 and 2.2). 
PCAs were conducted similarly as well and resulted in some qualitatively different 
behavioural phenotypes.  The behaviours transitioned from exploratory, sociality, shyness 
and predator reactivity (explaining 64% of variance) in fresh water to exploratory, 
sociality, risk-averse and food-motivation (explaining 62.2% of variance) in salt water.  
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Variation in behavioural types among stocks 
At the freshwater stage, there was a moderate significant stock effect on our co-varying 
traits (exploratory, sociality, shyness, predator reactivity) where two of eight stocks 
(Nitinat and Robertson Creek) differed significantly from the model mean (pMCMC’s ≤ 
0.004). At the saltwater stage, there was also a moderate significant stock effect on our 
co-varying traits (exploratory, sociality, risk averse and food-motivated) for salt water 
where Capilano and Robertson Creek differed significantly from the model mean 
(pMCMC’s < 0.001; Table 2.12).  
 
Behavioural effects on performance traits within life-history stages 
Most freshwater behavioural phenotypes predicted individual mass at the freshwater 
stage, but not family-level freshwater biomass (all p-values = 1.00). Shy and exploratory 
behavioural phenotypes had significant negative linear relationships with mass, where 
being more shy or exploratory resulted in smaller mass (F1, 258=12.0, P<0.001; F1, 
258=8.13, P=0.004, respectively). Social behavioural phenotype had a significant positive 
relationship with mass, where being more social resulted in greater mass (F1, 254 =12.24, 
P<0.001).  Additionally, exploratory (Capilano and Nititnat) and social (Robertson 
Creek) behavioural phenotypes interacted significantly with stock (F7, 258=2.23, P=0.03; 
F7, 251=2.38, P=0.02, respectively). More exploratory individuals in Nitinat and social 
individuals in Robertson Creek resulted in greater freshwater mass with an opposite 
relationship for exploratory individuals in Capilano. As stated, freshwater behavioural 
phenotypes did not explain freshwater biomass, however, there was a significant stock 
effect (P<0.001; Table 2.13). 
	  	   40	  
In salt water, stock x saltwater food-motivation behaviour was marginally 
significant (P=0.08) in explaining saltwater mass, where three stocks (Chilliwack, 
Puntledge and Robertson Creek) that scored high values for food-motivation tended to be 
of smaller size. Saltwater biomass was explained by the risk-averse behavioural type 
(F1,75=-22.06, P=0.01), where the more risk-averse the individual, the smaller the 
saltwater biomass. There was also a significant stock effect on saltwater biomass (F7,35= 
9.91, P<0.0001; Table 2.14). Lastly, being more social in salt water resulted in a 
marginally significant lower specific growth rate (P=0.08). 
 
Consistency of behavioural types across life-history stages 
Freshwater sociality significantly interacted with stock to explain saltwater exploratory 
behaviour (p=0.046; Table 2.15) where the more social individuals in fresh water were 
less exploratory in salt water for individuals from Robertson Creek, and the opposite for 
individuals from Quinsam stock. Predator reactivity also had a marginally significant 
effect on saltwater exploratory behaviour  (p=0.06) depending on the stock, where 
individuals from Puntledge stock with a greater predator reaction were less exploratory in 
salt water whereas individuals from Robertson Creek were more exploratory in saltwater. 
No behavioural types in freshwater could predict saltwater food motivation- (p-
values>0.12) or risk-averse behavioural types (p-values>0.08). Saltwater sociality 
differed among stocks (p-values <0.04).  
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Behavioural effects on performance traits across environments 
A subset of freshwater behavioural types were capable of explaining saltwater 
performance metrics. Both freshwater predator reactivity (F1, 24=4.10, P=0.06; individuals 
more reactive to a predator stimulus had a greater adult mass) and the interaction between 
stock and freshwater exploratory behaviour (F7,26=3.08 P=0.018; more exploratory 
individuals from Quinsam stock had a greater adult mass) predicted adult mass at the 
time of the saltwater assay. Specific growth rate in salt water was explained by freshwater 
predator reactivity (F1, 30=12.06, P=0.001; individuals more reactive to a predator 
stimulus had a greater specific growth rate), the interaction between stock x freshwater 
shy behaviour (F7,32=2.54, P=0.03; more shy individuals in fresh water had a greater 
specific growth rate) and stock x freshwater sociality behaviour (F7,31=2.56, P=0.03; more 
social individuals from Nitinat stock resulted in lower specific growth rates). Saltwater 
biomass was not explained by any behavioural phenotypes (P>0.09; Table 2.16); 
however, survival from 9mpf to 19mpf was positively related to being less shy (P=0.06; 
Table 2.18).  
Performance across environments 
At the individual level, saltwater mass can be predicted by freshwater mass (F1, 89=7.36, 
P=0.008). Similarly, saltwater biomass can be predicted by freshwater biomass 
(F1,91=14.81, P=0.0002), and stocks significantly differed in their biomass in salt water 
(P<0.0001; Table 2.17).  
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Discussion 
When choosing among outbreeding sources to provide an aquaculture production stock 
with new genetic material, the ideal phenotype expressed from the crosses would be one 
that transitions well to life in a new (captive) environment. Because behaviour both 
reflects the underlying genotype and drives its ability to adapt to the environment, 
behavioural variation is closely linked to growth-survival tradeoffs (Dingemanse and 
Réale 2005). As such, “maladaptive aquaculture” behaviours can result in low body size 
and even diminished biomass. Our outcrossing breeding design resulted in behavioural 
variation across Chinook salmon offspring stocks and life history stages, and a subset of 
the behavioural types expressed by individuals were indicative of flexibility (high 
exploratory values, low predatory sensitivity and risk-averse values), where there is a 
response to the novel stimuli and recovered/reacted adaptively. Exploratory behaviour in 
juveniles did have effect on performance, but not in the way we predicted. Risk-averse 
behaviour, which is comprised of neophobic behaviour and high responsiveness to a 
predator stimulus, had an effect on performance, but low-values (more flexible) resulted 
in increased performance.  
Although we found behavioural types in fresh water to be predictive of the 
behaviours they would exhibit as sub-adults in salt water, these integrated behaviours 
were unable to predict ultimate performance (growth, survival); instead, independent 
behaviours in both fresh and salt water were indicative of performance metrics within and 
across life history stages and stocks.  
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Stock variation in behavioural types 
It is unsurprising that outbreeding a domesticated population with seven wild source 
stocks would produce variation in behavioural traits, as behaviour is intrinsically variable 
(Araujo et al. 2011; Foster 1999). Variation in behaviour can be shaped by unique sets of 
environmental conditions (in which a certain set of behavioural traits is well suited - local 
adaptation; Mittlebach et al. 2014; Huntingford 2004), physiological traits such as 
metabolism (Biro and Stamps 2010), and life history characteristics, such as pace of life 
and transitioning trade-offs (Réale et al. 2010; Mangel and Stamps 2001). The stocks 
selected for this study are geographically located within a relatively small region 
compared to the historical range of Chinook salmon, yet produced significantly different 
behavioural differences. This study was designed to control for maternal effects (through 
the use of an inbred line) and maintained consistent rearing environments across barrels 
and sea pens. The behavioural differences are therefore suggestive of them being the 
product of paternal effects; i.e., generations of selection for heritable and adaptive 
phenotypes due to unique environmental factors (Salvanes and Braithwaite 2005; Sutter 
2012). In fresh water, stocks from Nitinat and Robertson Creek stocks represent the 
greatest behavioural divergence among behavioural types (posterior means: 0.18 and -
0.18, respectively) while in salt water, Capilano and Robertson Creek stocks represent the 
behavioural extremes (posterior means: 0.32 and -0.50, respectively) (Table 2.12). For 
both life stages, this variance does not translate to the largest and smallest biomasses 
since in salt water Capilano and Robertson Creek have the two greatest biomasses 
(Figures 2.3 and 2.4). We also found no consistent pattern of expressed behavioural 
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phenotypes across stocks (Figures 2.5 and 2.6), indicative that successful (or 
unsuccessful) stocks achieve performance success differentially.  
 
Behavioural consistency across life history stages 
There was some consistency in the behavioural phenotypes that emerged across our two 
assay designs. Exploratory and sociality phenotypes were present in both juvenile and 
sub-adults, but freshwater phenotypes did not predict saltwater phenotypes. In addition, 
individuals highly exploratory and social as juveniles were not highly exploratory and 
social as sub-adults. The remaining phenotypes - freshwater shyness and predator 
reactivity, and saltwater risk-averse and food-motivation, had no equivalents in their life-
stage counterparts.  While some studies have found repeatability in behavioural traits 
(syndromes/personality) over relatively short periods of time (e.g., aggression over three 
days in threespine stickleback (Stein and Bell 2016); activity over two months in juvenile 
brown trout (Adriaenssens and Johnsson 2013)), there is little evidence of behavioural 
consistency through ontogenetic shifts (Wilson and Krause 2012), especially within 
salmonids that undergo transition from tributary/river habitat and survival goals, to 
oceanic living and growth maximization. We therefore did not expect behavioural types 
to persist across life history as each stage has vastly different selection pressures and 
unique goals (Gross 1998). If a behavioural syndrome were to exist (i.e., behavioural 
repeatability across context and time) it may have negative consequences since it would 
result in limited flexibility required for acclimation to a novel environment and as salmon 
inhabit drastically different environments behaviour in one habitat may not be adaptive 
for another.   
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What we did expect to observe, however, was a canalization of behaviours from 
fresh- to salt water across stocks, since environments transition from many different 
tributaries to a common ocean environment. However, this was not observed and may be 
attributed to genetic constraints of phenotypic flexibility (Pigliucci 2005) where the 
behavioural flexibility required for juveniles and their ocean-migration may no longer be 
beneficial (but not necessarily maladaptive) for ocean life, but its maintenance is 
restricted by the complex and potentially integrated mechanisms that control it (Coppens 
et al. 2010). Ethodiversity (which describes alternative behaviours, plasticity and 
personality; Cordero-Rivera 2017) could also explain why there is maintenance of 
variation. Using different behavioural tactics within a group (i.e., social niche 
specialization) allows individuals to compete for the same resources differentially, which 
should maintain behavioural variation even in a common environment (Bergmüller and 
Taborsky 2010). 
Individuals were not only weakly consistent in their behavioural-type identity 
over time, but only one behavioural type at the juvenile stage – sociality, could provide 
any explanation of adult behaviour – exploration, and was stock dependent. Individuals 
from Robertson Creek that were less social as juveniles were more exploratory as adults, 
with an opposite trend for individuals from Quinsam stock where more social juveniles 
were more exploratory as adults. This relationship may be due to specific combinations 
of environmental factors present in their source habitats. Asociality in certain stocks 
could result in future exploration if populations originated from high density and 
competition in natal streams, where asocial individuals are more likely to disperse (Cote 
2010). In contrast, sociality could positively affect future exploration in stocks (i.e., 
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Quinsam stock) where social hierarchies at the juvenile stage can result in coordinated 
activity (leader-follower dynamics; Nakayama 2013) and exploratory tendencies could be 
the indirect result of following an exploratory leader and thus capitalizing on incidental 
gains (Leblonde and Reebs 2006). In our study, being more exploratory did not result in 
increased performance, suggesting that that screening for behaviours at an early life-
history stage as indicators of future behaviours and performance is not a reliable marker. 
Our results further reveal that behavioural relationships across life-history traits can serve  
other functions unrelated directly to growth and survival (within an aquaculture setting).  
 
Behavioural effects on growth and survival 
Juveniles that were more exploratory or shy experienced slower growth in fresh water 
(i.e., lower absolute mass). Juveniles that were less social also had smaller absolute mass 
as well. Exploratory individuals had very high activity levels (and therefore potentially 
wasted energy; Krohn and Boisclair 1994) and were highly neophilic, but did not feed 
(potentially lacking foraging focus). Individuals that were shyer tended to spend more 
time in the periphery of their arena, potentially translating to lacking access to foraging 
opportunities (Sih et al. 2012). Juveniles that were more asocial could be experiencing 
smaller body size by not capitalizing on the benefits of group living: increased foraging 
opportunity for scroungers and reduced energy costs of swimming (Marras et al. 2014). 
The presence of these behaviours in aquaculture will not promote larger body sizes in 
fresh water (and consequently in salt water, given the strong relationship between fresh- 
and saltwater sizes) and could potentially be screened and selected against from 
outbreeding source stocks.  
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In our saltwater assays we found that sub-adults that were risk-averse responded 
more greatly to a disturbance and did not spend time exploring novel surroundings, and 
resulted in smaller body size. Overreaction to stimuli, which in aquaculture are typically 
benign and frequent, results in wasteful energy expenditure and missed opportunities for 
foraging events (e.g., Atlantic salmon (Johnsson et al. 2000). Failure to explore novel 
surroundings in salt water may suggest individuals struggle to acclimate to the dynamic 
new environment which is characterized by tidal changes, water level differences, and 
actual predation attempts (i.e., bald eagles (Haliaeetus leucocephalus), herons (Ardeidae 
spp.), river otters (Lontra canadensis) and seals (Phoca vitulina; J. Heath, pers. comm.) 
(suggested by Logan 2013). It would therefore be optimal for these salmon to have only 
transient reactions to disturbances and quickly acclimate to changing conditions instead.  
As previously stated, we hypothesized that individuals with the most behavioural 
flexibility (react-and-recover) will perform best in a novel environment with a new range 
of conditions. We predicted that more exploratory individuals would possess the 
flexibility to cope with novel stressors. Only in fresh water did exploration have a 
significant effect on performance, but not how we predicted: greater exploration resulted 
in smaller body size. In contrast, we also predicted predator recovery to be important for 
flexibility; in salt water, low values for risk-averse behaviour represent individuals that 
are neophillic and recover swiftly; these behaviours had positive effects on biomass in 
line with our predictions. Neither activity levels nor food-motivation were predictive of 
body growth as predicted. While little is known about the (in)consistency of behaviour 
across life stages (Mittlebach et al. 2014), given that different selective pressures can 
shape different adaptive behaviours at each stage, even less is known about how 
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behaviour as a juvenile could potentially impact performance as an adult, since behaviour 
and performance are often context dependent and difficult to predict in a vastly different 
environment and life history stage. However, we found that there was a significant effect 
of juvenile exploration and predator reactivity (stock-dependent) on the absolute mass an 
individual could attain in salt water; and an effect of predator-reactivity, shyness and 
sociality (the latter two being stock dependent) on the rate of the individual’s saltwater 
gain in mass. Juvenile shy behaviour was furthermore also able to show (albeit weakly) a 
significant effect on survival from parr to adult stages, even after controlling for the 
influence of the individual’s size. Indeed, mass had no effect, and when removed from 
the model, resulted in a significant effect of shyness and a lower model AIC (results not 
shown). In essence, shyer individuals were less likely to survive this time span (9-19 
mpf) than bolder individuals. In aquaculture, it is costly to exhibit shy behaviours since 
threats are limited (and being bold would not incur any costs) and may reduce access to 
food (Conrad et al. 2010). It is challenging to say whether or not these results are 
extendable over the fishes’ entire lifespan or applicable to only a portion of it (i.e., early 
saltwater transfer) since a shy/bold phenotype did not emerge amongst the saltwater 
behavioural types and could have been selected against early on. Nonetheless, the ability 
to detect early drivers of mortality is key for optimizing aquaculture practices. 
While behaviour has the ability to predict performance metrics such as body size 
and survival, mass and biomass are also able to explain future performance. Juveniles that 
are large in fresh water are expected to be large adults in salt water, and have the greatest 
growth rates. Families that survived and grew large in the freshwater stage continued to 
be large and survive in salt water (i.e., biomass), across all stocks. This outcome could be 
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due to general metabolic and physiological traits that can drive behaviour (Biro and 
Stamps 2010). For instance, a study by Metcalfe and Thorpe (1992) found that in juvenile 
Atlantic salmon, individuals of initially same size that were quicker to forage (when 
presented with food) resulted in greater body mass three months later. Selecting for 
behaviours that promote growth and survival (being bold, for example) in juvenile stages 
should work in concert with physiological traits to further enhance overall body mass or 
growth rates. (Reale et al. 2010). Incorporating behaviour in the assessment of 
outbreeding sources ensures the acclimation of naïve stocks to novel environments, 
allowing them to optimally perform in any given environment (Mason et al. 2013). It is 
important to remember that although many, large fish is the main goal of aquaculture, 
selectively choosing brood stock based on large body size can result in aggressive 
behaviour (and therefore illness and disease; Martin et al. 2012), high fat content (and 
therefore poor fillet quality; Masilko et al. 2016) and inbreeding depression. Instead, 
selecting for behaviours first, such as boldness, asociality and little exploration would 
promote growth and survival via acclimation and eventual adaptation, and perhaps not at 
the expense of conspecifics.   
 
Conclusions 
Our results support the notion that behaviour, because it is the first line of response to 
environmental stimuli, is closely linked to growth-survival tradeoffs (Dingemanse and 
Réale 2005), and can be predictive of mass, biomass, specific growth rate, future 
behaviours, survival and potentially the success of acclimation of outcrossed salmon 
stocks. Not one stock in particular possessed all of these traits (low shyness, low 
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sociality, low exploration as juveniles and less risk-averse as adults), but stocks with 
better performance possessed more of the desired behavioural traits. While our sample 
size was lower for the saltwater analyses, our results are still meaningful and relevant 
given that we conducted repeated measures (on the same individual across time). This 
design inherently controls for factors that cause variability between subjects, and 
therefore accommodates lower sample sizes. To this end, to be able to recommend a 
stock for outbreeding with the domestic YIAL stock, an ideal stock should exhibit large 
biomass at both stages, have most individuals displaying the ideal acclimation / growth-
maximizing behavioral phenotypes, and possess some genetic similarity to the captive 
stock (to avoid outbreeding depression). Robertson Creek is a progenitor population to 
the original YIAL broodstock, providing this genetic similarity; it was in the top three 
best performing stocks in freshwater and the best in saltwater, and was characterized by 
having individuals displaying on average little shyness, more social and exploratory 
behavioural types in fresh water, and risk-averse behavioural types in salt water. I would 
suggest targeting stocks (as opposed to individuals) for selection of outcrossing sources 
for reasons of feasibility. Additionally, the majority of behaviours with significant effects 
on growth performance have a behaviour x stock effect, where stocks contrasted 
significantly in behavioural traits. By identifying which behavioural and genetic attributes 
are most important at each phase in an anadromous species’ life, one can develop a set of 
screening tools necessary to recommend broodstocks and natural populations for 
outcrossing.  
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Tables 
Table 2.1 Descriptions of each freshwater behavioural assay, the relevant behaviours collected and used in statistical analyses and 
information on how behavioural data was calculated (if applicable).  
Assay Behaviour recorded Description of behaviour collection 
 
 
Open Field 
Test 
Mean distance to centre (cm) Total average distance from centre of parr to centre of arena 
Distance moved (cm) Total distance moved throughout arena 
Duration in zone centre (% time) Proportion of time spent in centre zone 
Frequency in zone centre Number of visits to centre zone 
Average velocity (cm/s) Average velocity throughout trial 
 
 
 
Mirror Test 
Frequency in baffle zone Number of visits to baffle zone 
Frequency in mirror zone Number of visits to mirror zone 
Duration in baffle zone (%) Proportion of time spent in baffle zone 
Duration in mirror zone (%) Proportion of time spent in mirror zone 
Duration immobile in baffle zone (%) Proportion of time spent in baffle zone while immobile 
Duration immobile in mirror zone (%) Proportion of time spent in mirror zone while immobile 
Distance moved in mirror zone (cm) Total distance moved while in mirror zone 
Novel 
Object Test 
Latency to approach novel object (s) Length of time from assay start time to first approach of novel object 
(within one body length range) 
Frequency of approaches to novel object Number of visits to novel object (within one body length range) 
Duration in proximity to novel object (%) Proportion of time spent within one body length of range of novel 
object 
 
Predator 
Stimulus 
Test* 
Sensitivity-to-Predator Rank (1-5) Determined by change in activity and interaction with mirror (1-No 
reaction to predator; 4-Greatest reaction to predator) 
Duration nosing pre-PST (%) Proportion of time spent nosing arena edges before PST  
Duration nosing post-PST (%) Proportion of time spent nosing arena edges after PST 
Duration time at mirror pre-PST (%) Proportion of time spent at mirror (& interacting with reflected 
image) before PST 
Duration time at mirror post-PST (%) Proportion of time spent at mirror (& interacting with reflected 
image) after PST 
Latency to resume pre-PST behaviour (s) Length of time to return to the same zone and activity level after PST 
(determined by 2 minutes pre-PST) 
*This assay includes data collected 15 minutes before and after the PST to represent ‘pre-PST’ and ‘post-PST’ 
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Table 2.2 Descriptions of each saltwater behavioural assay, the relevant behaviours collected and used in statistical analyses and 
information on how behavioural data was calculated (if applicable).  
 
   
                  
 
Open Field 
Test 
 
Duration in centre zone (%) Proportion of time in centre zone 
Duration in peripheral zone (%) Proportion of time in peripheral zone 
Frequency of approaches to centre zone Number of visits to centre zone 
Latency to enter centre zone (s) Length of time from assay start time to centre zone 
Duration immobile (%) Proportion of time stationary swimming 
Duration ‘burst swim’ (%) Proportion of time swimming faster than average activity 
Duration in peripheral zone & immobile (%) Proportion of time in peripheral zone while immobile 
Duration in centre zone & mobile (%) Proportion of time in centre zone while mobile 
Duration mobile (%) Proportion of time spent moving (active swimming) 
Duration schooling (%) Proportion of time spent schooling 
 
Feeding 
Test  
Duration of total time feeding (%) Proportion of time spent foraging 
Latency to first feeding pass (s) Length of time from food presence to first forage attempt 
Latency to first bite (s) Length of time from food presence to first bite 
Frequency of bites Number of bites of food during presence of food 
Duration of feeding passes (%) Proportion of time spent foraging in style 1 
 
 
Novel 
Object Test 
Frequency of net approaches Number of visits to net (within one body length range) 
Frequency of hole approaches Number of visits to hole in net (within one body length range) 
Frequency of perpendicular approaches Number of approaches to net/hole with a perpendicular orientation 
Frequency of parallel approaches Number of approaches to net/hole with a parallel orientation 
Latency to approach net (s) Length of time to approach net (within one body length range) 
 
Predator 
Stimulus 
Test 
Frequency of bites post-PST Number of bites of food during presence of food (2nd feeding) 
Latency to school (s) Length of time from PST to schooling with conspecifics  
Duration of total feeding time post-PST (%) Proportion of time spent foraging (2nd feeding) 
Latency to resume pre-PST behaviour (s) Length of time to return to the same zone and activity level after PST (determined 
by 2 minutes pre-PST) 
Duration spent schooling (%) Proportion of time spent schooling during and after (5 minutes) PST 
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Table 2.3 Factor loadings of behavioural traits from freshwater OFT. 
 
Trait PC Loadings 
 PC1: Activity 
Level 
PC2: Centre 
Preference 
Mean distance to centre (cm) 0.206747 -0.867673 
Distance moved (cm) 0.975427 0.096153 
Duration in zone centre (% time) 0.444084 0.851429 
Frequency in zone centre 0.585998 0.732632 
Average velocity (cm/s) 0.976045 0.093201 
Eigenvalue 3.1040 1.4159 
Variance Explained (%) 49.749 40.649 
Total Variance (%) 90.40 
 
 
Table 2.4 Factor loadings of behavioural traits from freshwater MT. 
 
Trait PC Loadings 
 PC1: 
Sociality 
PC2: Activity 
Level 
Frequency in baffle zone 0.618040 0.659316 
Frequency in mirror zone 0.105435 0.868046 
Duration in baffle zone (%) 0.901425 -0.135616 
Duration in mirror zone (%) -0.893828 0.061848 
Duration immobile in baffle zone (%) 0.809788 0.205742 
Duration immobile in mirror zone (%) -0.707098 -0.185967 
Distance moved in mirror zone (cm) -0.102505 0.828449 
Eigenvalue 3.3749 1.7696 
Variance Explained (%) 45.298 28.195 
Total Variance (%) 73.50 
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Table 2.5 Factor loadings of behavioural traits from freshwater NOT and PST. 
 
Trait PC Loadings 
 PC1: 
Neophilia 
PC2: 
Escape 
Behaviour 
PC3: 
Predator 
Sensitivity 
PC4: 
Sociality 
Latency to approach novel object (s) -0.92618 -0.16508 -0.09607 0.09899 
Frequency of approaches to novel 
object 
0.97032 0.15143 0.06545 -0.08142 
Duration in proximity to novel object 
(%) 
0.97152 0.09507 0.05506 -0.10689 
Sensitivity-to-Predator Rank (1-5) 0.03506 -0.07668 0.87960 -0.04507 
Duration nosing pre-PST (%) 0.11242 0.89566 0.05808 -0.01739 
Duration nosing post-PST (%) 0.19285 0.87366 -0.01584 -0.07851 
Duration time at mirror pre-PST (%) -0.13755 0.02180 -0.01409 0.82691 
Duration time at mirror post-PST (%) -0.05689 0.10775 0.07579 0.80980 
Latency to resume pre-PST 
behaviour (s) 
0.11986 0.12522 0.83745 0.11598 
Eigenvalue 3.3149 1.5511 1.3555 1.1582 
Variance Explained (%) 31.453 18.427 16.679 15.438 
Total Variance (%) 82.00 
 
 
 
 
Table 2.6 Secord order aggregate PCA loadings generated from freshwater PCA factors.  
 
Trait PC Loadings 
 PC1: 
Exploratory 
PC2: 
Sociality 
PC3:  
Shyness 
PC4: 
Predator 
Reactivity 
OFT, PC1: Activity Level 0.617251 -0.121744 0.235671 0.088494 
OFT, PC2: Centre Usage 0.039142 0.000755 -0.629355 0.363592 
MT, PC1: Sociality 0.234370 -0.761632 0.076483 -0.139345 
MT, PC2: Activity Level 0.743398 0.137683 0.223618 0.100131 
Food/Pred., PC1: Neophilia 0.719584 -0.108207 -0.361144 -0.200141 
Food/Pred., PC2: Escape 
Behaviour 
0.273166 -0.064702 0.745370 0.172864 
Food/Pred., PC3: Predator 
Sensitivity 
0.033670 0.015086 -0.029882 0.884658 
Food/Pred., PC4: Sociality 0.148628 0.810441 0.020504 -0.104268 
Eigenvalue 1.7628 1.2600 1.0928 1.0047 
Variance Explained (%) 20.072 16.085 14.935 12.911 
Total Variance (%) 64.00 
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Table 2.7 Factor loadings of behavioural traits from saltwater OFT.  
 
Trait  PC Loadings 
                      PC1: 
Centre 
Usage 
PC2:  
Shyness 
PC3: 
Sociality 
Duration in centre zone (%) 0.878596 -0.058872 0.032337 
Duration in peripheral zone (%) -0.878595 0.058875 -0.032336 
Frequency of approaches to centre 0.823048 -0.009225 0.163066 
Latency to enter centre zone (s) -0.736006 0.049202 0.083347 
Duration immobile (%) 0.061133 0.931487 0.136435 
Duration ‘burst swim’ (%) 0.122115 0.221555 0.749166 
Duration in peripheral zone & immobile (%) -0.052310 0.940432 0.143659 
Duration in centre zone & mobile (%) 0.891684 0.069243 -0.036784 
Duration mobile (%) 0.094300 -0.825199 0.100425 
Duration shoaling (%) -0.072115 -0.076847 0.831344 
Eigenvalue 3.6125 2.5576 1.2645 
Variance Explained (%) 35.936 25.023 13.387 
Total Variance (%) 74.35 
 
 
 
Table 2.8 Factor loadings of behavioural traits from saltwater FT.  
 
Trait PC Loading 
                      PC1: 
Feeding 
Frequency of bites 0.828549 
Duration of feeding passes (%) 0.886601 
Duration of total time feeding (%) 0.941954 
Latency to first feeding pass (s) -0.843996 
Latency to first bite (s) -0.807616 
Eigenvalue (%) 3.7244 
Variance Explained (%) 74.488 
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Table 2.9 Factor loadings of behavioural traits from saltwater PST.  
 
Trait PC Loadings 
                      PC1:  
Predator 
Responsiveness 
PC2: Risky 
Feeding 
Frequency of bites post-PST -0.146698 0.919965 
Latency to school (s) -0.811768 0.023467 
Duration of total feeding time post-PST (%) 0.250960 0.872924 
Latency to resume pre-PST behaviour (s) 0.644829 0.171634 
Duration spent schooling (%) 0.809961 -0.041018 
Eigenvalue 1.8950 1.5604 
Variance Explained (%) 36.306 32.800 
Total Variance (%) 69.11 
 
 
 
Table 2.10 Factor loadings of behavioural traits from saltwater NOT.  
 
Trait PC Loadings 
                      PC1:  
Net  
Inspection 
PC2: Escape 
Behaviour 
Frequency of net approaches 0.856584 0.419196 
Frequency of hole approaches 0.118364 0.881289 
Frequency of perpendicular approaches 0.192411 0.850710 
Frequency of parallel approaches 0.932785 0.069402 
Latency to approach net (s) -0.729072 -0.108351 
Eigenvalue 2.7489 1.1302 
Variance Explained (%) 43.728 33.853 
Total Variance (%) 77.58 
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Table 2.11 Secord order aggregate PCA loadings generated from saltwater PCA factors.  
 
Trait PC Loadings 
 PC1: Food-
Motivated 
PC2: 
Risk 
Averse 
PC3:  
Exploratory 
PC4: 
Sociality 
OFT, PC1: Centre Usage -0.088967 -0.05391 0.686884 0.140842 
OFT, PC2: Shyness -0.239098 -0.29588 -0.481239 -0.14846 
OFT, PC3: Sociality -0.062413 0.070586 0.113396 0.846321 
FT, PC: Feeding 0.718563 0.090979 -0.085434 0.037055 
NOT, PC1: Net Inspection -0.057398 -0.75964 -0.168302 -0.37991 
NOT, PC2: Escape Behaviour -0.086228 0.177595 0.655339 -0.49307 
PST, PC1: Predator 
Responsiveness  
0.048553 0.741160 -0.233941 -0.16667 
PST, PC2: Risky Feeding 0.827535 -0.03271 0.064940 -0.08696 
Eigenvalue 1.3899 1.3242 1.1445 1.1155 
Variance Explained (%) 16.371 16.338 14.897 14.569 
Total Variance (%) 62.18 
 
 
Table 2.12 MCMCglmm results for each life-history stage to determine behavioural 
differences between stocks. Each model included family and barrel/sea pen ID as random 
effects. Bolded pMCMC values indicate a statistically significant difference from the 
model mean. Italicized values are significant at the α = 0.10 level. 
 
Model Environment Stock Posterior 
Means 
95% 
Credibility 
Interval 
p(MCMC) 
 
 
Exploratory 
+ Sociality 
+ Shyness + 
Predator 
Reactivity 
 
 
 
Freshwater 
(n=321) 
Big Qualicum -0.11 -0.28, 0.05 0.22 
Capilano 0.01 -0.16, 0.19 0.91 
Chilliwack 0.07 -0.10, 0.22 0.40 
Nitinat 0.18 -0.01, 0.33 0.036 
Puntledge 0.04 -0.17, 0.21 0.72 
Quinsam -0.07 -0.24, 0.08 0.41 
Robertson 
Creek 
-0.18 -0.36, -0.00 0.04 
YIAL 0.02 -0.13, 0.19 0.84 
 
 
Food-
Motivated + 
Risk Averse 
+ 
Exploratory 
+ Sociality 
 
 
 
Saltwater 
(n=118) 
Big Qualicum 0.03 -0.29, 0.35 0.86 
Capilano 0.32 -0.02, 0.62 0.04 
Chilliwack -0.08 -0.42, 0.24 0.66 
Nitinat -0.12 -0.48, 0.22 0.52 
Puntledge 0.30 -0.07, 0.69 0.13 
Quinsam -0.14 -0.39, 0.09 0.3 
Robertson 
Creek 
-0.50 -0.79, -0.19 0.01 
YIAL 0.27 0.01, 0.53 0.056 
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Table 2.13 Summary of linear mixed model results examining the effects of freshwater 
variables (behaviour, stock and behaviour x stock) on freshwater performance metrics. 
Family and barrel was included as random effects. Bolded values are significant at the α 
= 0.05 level. Italicized values are significant at the α = 0.10 level. 
 
Performance 
metric 
Freshwater 
Variables 
Estimate SE F df P 
 
 
 
 
Freshwater 
mass 
Intercept 4.80 0.31 - - 2.0e-16 
Shy -0.14 0.29 12.00 1 <0.001 
Exploratory -0.32 0.20 8.13 1 0.004 
Sociality 0.04 0.23 12.24 1 <0.001 
Predator Reactivity -0.10 0.20 0.09 1 0.76 
Stock - - 0.82 7 0.57 
 Stock×Shy - - 1.34 7 0.23 
 Stock×Exploratory - - 2.23 7 0.03 
 Stock×Sociality - - 2.38 7 0.02 
 Stock×Predator Reactivity - - 1.00 7 0.43 
 
 
 
 
Freshwater 
biomass 
Intercept 5.14 0.03 - - <0.001 
Shy -1.21e-9 5.36e-6 0.00 1 1.00 
Exploratory 7.89e-10 5.07e-6 0.00 1 1.00 
Sociality -2.13e-9 5.10e-6 0.00 1 1.00 
Predator Reactivity -3.90e-9 5.01e-6 0.00 1 1.00 
Stock - - 9.80 7 <0.001 
 Stock×Shy - - 0.00 7 1.00 
 Stock×Exploratory - - 0.00 7 1.00 
 Stock×Sociality - - 0.00 7 1.00 
 Stock×Predator Reactivity - - 0.00 7 1.00 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
	  	   64	  
Table 2.14 Summary of linear mixed model results examining the effects of saltwater 
variables (behaviour, stock and behaviour x stock) on saltwater performance metrics. 
Family and barrel was included as random effects. Bolded values are significant at the α 
= 0.05 level. Italicized values are significant at the α = 0.10 level. 
 
Performance 
metric 
Saltwater 
Variables 
Estimate SE F df P 
 
 
 
 
Saltwater 
mass 
Intercept 121.79 156.08 - - 0.44 
Risk Averse 155.33 384.82 1.65 1 0.41 
Sociality -44.50 98.02 0.69 1 0.20 
Food-Motivated 173.94 104.03 0.81 1 0.79 
Exploratory 37.71 146.96 0.07 1 0.41 
Stock - - 0.81 7 0.58 
 Stock×Risk Averse - - 1.20 7 0.32 
 Stock×Sociality - - 1.74 7 0.12 
 Stock×Food-Motivated - - 1.91 7 0.08 
 Stock×Exploratory - - 1.37 7 0.23 
 
 
 
Saltwater 
specific 
growth rate 
Intercept 0.97 0.29 - - 0.002 
Risk Averse 0.44 0.75 1.26 1 0.27 
Sociality -0.28 0.19 3.23 1 0.08 
Food-Motivated 0.28 0.21 0.91 1 0.66 
Exploratory -0.03 0.29 0.86 1 0.36 
Stock - - 0.42 7 0.89 
Stock×Risk Averse - - 0.83 7 0.57 
Stock×Sociality - - 0.46 7 0.86 
Stock×Food-Motivated - - 1.09 7 0.38 
Stock×Exploratory - - 0.92 7 0.50 
 
 
 
 
Saltwater 
biomass 
Intercept 172.44 1.871 - - <0.0001 
Risk Averse -22.06 0.0018 6.59 1 0.01 
Sociality 3.25 0.0009 1.75 1 0.19 
Food-Motivated -3.20 0.0006 1.35 1 0.25 
Exploratory -6.07 0.0014 2.56 1 0.11 
Stock - - 7.77 7 <0.0001 
 Stock×Risk Averse - - 0.94 7 0.50 
 Stock×Sociality - - 0.25 7 0.97 
 Stock×Food-Motivated - - 0.19 7 0.98 
 Stock×Exploratory - - 0.36 7 0.91 
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Table 2.15 Summary of linear mixed model results examining the effects of freshwater 
variables (behaviour, stock and behaviour x stock) on saltwater behavioural phenotypes. 
Family was included as a random effect. Bolded values are significant at the α = 0.05 
level. Italicized values are significant at the α = 0.10 level. 
Performance 
metric 
Freshwater 
Variables 
Estimate SE F df P 
 
 
 
Saltwater 
food-
motivated 
behaviour 
Intercept 0.11 0.09 - - 0.23 
Shy 0.05 0.08 0.40 1 0.53 
Exploratory -0.08 0.08 0.96 1 0.33 
Sociality -0.10 0.06 2.61 1 0.12 
Predator Reactivity 0.08 0.09 0.84 1 0.37 
Stock - - 0.74 7 0.65 
Stock×Shy - - 0.38 7 0.91 
Stock×Exploratory - - 0.34 7 0.93 
Stock×Sociality - - 0.49 7 0.84 
Stock×Predator Reactivity - - 1.29 7 0.29 
 
 
 
Saltwater 
exploratory 
behaviour 
Intercept 0.35 0.04 - - <0.0001 
Shy -0.04 0.04 1.48 1 0.81 
Exploratory 0.03 0.03 0.64 1 0.47 
Sociality -0.03 0.03 1.62 1 0.71 
Predator Reactivity 0.06 0.04 2.60 1 0.65 
Stock - - 2.55 7 0.04 
Stock×Shy - - 1.53 7 0.19 
Stock×Exploratory - - 0.88 7 0.54 
Stock×Sociality - - 2.38 7 0.046 
Stock×Predator Reactivity - - 2.21 7 0.06 
 
 
 
Saltwater 
sociality 
behaviour 
Intercept 0.5340 0.06 - - 0.14 
Shy -0.0304 0.02 2.47 1 0.13 
Exploratory -0.0363 0.02 0.05 1 0.82 
Sociality 0.0367 0.02 0.48 1 0.49 
Predator Reactivity 0.0064 0.03 0.00 1 0.98 
Stock - - 3.34 7 0.015 
Stock×Shy - - 1.03 7 0.43 
Stock×Exploratory - - 0.53 7 0.81 
Stock×Sociality - - 0.47 7 0.85 
Stock×Predator Reactivity - - 0.88 7 0.54 
 
Saltwater risk 
averse 
behaviour 
 
Intercept 0.58 0.10 - - <0.0001 
Shyness -0.07 0.07 0.98 1 0.33 
Exploratory -0.08 0.09 0.66 1 0.42 
Sociality 0.09 0.07 1.66 1 0.21 
Predator Reactivity 0.09 0.10 0.86 1 0.36 
Stock - - 0.74 7 0.64 
Stock×Shy - - 1.73 7 0.16 
Stock×Exploratory - - 0.72 7 0.65 
Stock×Sociality - - 0.77 7 0.62 
Stock×Predator Reactivity - - 2.12 7 0.08 
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Table 2.16 Summary of linear mixed model results examining the effects of freshwater 
variables (behaviour, stock and behaviour x stock) on saltwater performance metrics. 
Family and barrel were included as random effects. Bolded values are significant at the α 
= 0.05 level. Italicized values are significant at the α = 0.10 level. 
 
Performance 
metric 
Freshwater  
Variables 
Estimate SE F df P 
 
 
Saltwater 
mass 
Intercept 210.05 18.89 - - <0.0001 
Shyness -137.80 81.74 2.84 1 0.11 
Exploratory 2.23 16.63 0.02 1 0.89 
Sociality -4.00 17.58 2.00 1 0.17 
Predator Reactivity 154.38 76.24 4.10 1 0.06 
Stock - - 0.90 7 0.53 
 Stock×Shy - - 1.84 7 0.12 
 Stock×Exploratory - - 3.08 7 0.018 
 Stock×Sociality - - 1.05 7 0.43 
 Stock×Predator 
Reactivity 
- - 2.54 7 0.039 
 
 
 
Saltwater 
specific 
growth rate 
Intercept 1.14 0.04 - - <0.0001 
Shy 0.02 0.07 0.25 1 0.62 
Exploratory 0.02 0.02 0.00 1 0.95 
Sociality 0.05 0.04 1.98 1 0.17 
Predator Reactivity 0.07 0.03 12.06 1 0.001 
Stock - - 1.60 7 0.17 
Stock×Shy - - 2.54 7 0.03 
Stock×Exploratory - - 1.28 7 0.29 
Stock×Sociality - - 2.56 7 0.03 
Stock×Predator 
Reactivity 
- - 2.26 7 0.06 
 
 
Saltwater 
biomass 
Intercept 153.63 6.23 - - <0.0001 
Shy -9.71 27.58 3.06 1 0.73 
Exploratory -1.95 5.19 0.44 1 0.71 
Sociality -1.65 5.79 0.12 1 0.78 
Predator Reactivity 7.3 25.76 0.69 1 0.78 
Stock - - 1.6e5 7 <0.0001 
 Stock×Shy - - 0.46 7 0.94 
 Stock×Exploratory - - 0.28 7 0.99 
 Stock×Sociality - - 0.48 7 0.87 
 Stock×Predator 
Reactivity 
- - 0.14 7 1.00 
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Table 2.17 Summary of linear mixed model results examining the effects of freshwater 
variables (growth performance, stock and growth performance x stock) on saltwater 
performance metrics. Family and barrel was included as random effects. Bolded values 
are significant at the α = 0.05 level. Italicized values are significant at the α = 0.10 level. 
 
Performance 
metric 
Freshwater  
Variables 
Estimate SE F df P 
 
Saltwater 
mass 
Intercept 149.86 84.70 - - 0.09 
FW mass 16.15 5.95 7.36 1 0.008 
FW biomass -6.78 17.43 0.15 1 0.70 
Stock - - 1.28 7 0.28 
Stock×FW biomass - - 1.48 7 0.19 
Stock×FW mass - - 0.54 7 0.80 
 
Saltwater 
specific 
growth rate 
Intercept 1.09 0.56 - - 0.06 
FW mass -0.04 0.02 23.39 1 <0.0001 
FW biomass 0.05 0.12 0.95 1 0.34 
Stock - - 1.30 7 0.29 
Stock×FW biomass - - 1.50 7 0.21 
Stock×FW mass - - 0.65 7 0.71 
 
Saltwater 
biomass 
 
Intercept 61.06 24.86 - - 0.02 
FW mass 4.50e-7 0.00 0.00 1 1.00 
FW biomass 18.39 4.78 14.81 1 0.0002 
Stock - - 10.42 7 <0.0001 
Stock×FW biomass - - 1.94 7 0.08 
Stock×FW mass - - 0.00 7 1.00 
 
 
 
Table 2.18 Summary of generalized linear mixed model results examining the effects of 
freshwater variables (mass and behaviour) on saltwater survival. Stock, family and barrel 
were included as random effects. 
 
Performance 
metric 
Freshwater  
Variables 
Estimate SE Z df P 
 
 
Survival 
Intercept 0.91 0.58 1.56 - 0.12 
Mass 0.07 0.11 0.66 1 0.51 
Exploratory -0.08 0.15 -0.56 1 0.58 
Sociality -0.11 0.14 -0.77 1 0.44 
Shy -0.27 0.14 -1.86 1 0.06 
Predator Reactivity -0.07 0.14 -0.47 1 0.64 	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Figures 
 
	  
	  
 
Figure 2.1 Map of Vancouver Island and relevant mainland. The northern-most green 
circle (YIAL) represents the geographic location of Yellow Island Aquaculture Ltd. 
where all research was conducted. All other coloured circles represent tributaries where 
sires originated.  
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Figure 2.2 This is a schematic of the arena and zones assigned for the freshwater 
behavioural assay for analysis. The fish placed into the arena were tracked across the 
different regions shown above, when appropriate; Centre/Peripheral zones, Mirror zone 
and Baffle zone.  
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Figure 2.3 Mean freshwater biomass of each stock, calculated at the family level then 
averaged. Bars with the same letters are not significantly different. Letters generated by 
Tukey post-hoc test. 	  	  
	  
Figure 2.4 Mean saltwater biomass of each stock, calculated at the family level then 
averaged.. Bars with the same letters are not significantly different. Letters generated by 
Tukey post-hoc test. 	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Figure 2.5 Visual representation of freshwater mean behavioural PCA scores per stock. 
Statistical differences determined using MCMCglmm and presented in Table 2.12. Stocks 
are ordered by decreasing biomass according to Figure 2.3. This is for visual purposes 
only. 
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Figure 2.6 Visual representation of saltwater mean behavioural PCA scores per stock. 
Statistical differences determined using MCMCglmm and presented in Table 2.12. Stocks 
are ordered by decreasing biomass according to Figure 2.4. This is for visual purposes 
only. 	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CHAPTER 3—INVESTIGATING ACCLIMATION TO AQUACULTURE VIA 
DIFFERENCES IN BRAIN GENE TRANSCRIPTION PROFILES IN 
OUTCROSSED CHINOOK SALMON (ONCORHYNCHUS TSHAWYTSCHA) 
Introduction  
Wild and newly domesticated populations have experienced an unprecedented amount of 
change due to human induced rapid environmental change (Sih 2011). One unique and 
extreme form of environmental change is the sequestration of wild animals in artificial 
environments (Mason et al. 2013), for which two of the main reasons are for consumptive 
or conservation purposes. Captive environments can range from semi-natural to a fully 
artificial and barren laboratory setting. Regardless of the degree of difference from their 
natural habitat, animals must cope with new stressors and altered environments, and 
therefore require adaptive responses in their behaviour and physiology to acclimate to 
these changes (Christie et al. 2011). It has been proposed that their ability to adjust to 
change is supported, in part, by neuroplasticity (Sorenson et al. 2013), defined as 
structural changes within the brain and nervous system. These plastic responses 
encompass cell growth and death, proliferation, neuromodulation (the chemical 
regulation of neurons) and synaptic connectivity (Draganski and May 2008, Johansson 
2004, Denis-Donini et al. 2005). For instance, studies in rats that have shown changes in 
neural circuitry after exposure to visual and odor predator cues suggest these changes are 
important mediators of exploratory and risk assessment behaviours, which are important 
for future predator interactions (Adamec et al. 2005), Atlantic salmon (Salmo salar) 
provided with shelter-like enrichment demonstrated up-regulation of neurogenic 
differentiation 1 (NeuroD1) (involved in neurogenesis) and made fewer mistakes when 
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challenged with a maze task (Salvanes et al. 2013); and rainbow trout (Oncorhynchus 
mykiss) experiencing confinement stressors exhibited coupled behavioural, neural and 
physiological changes where individuals with up-regulated neural genes were more 
flexible in behaviour and highly responsive to stressors (Johansen et al. 2012). 
Conversely, barren and consistent environments, also characteristic of captive conditions, 
lower levels of neurogenesis (i.e., lower expression of the gene PCNA). 
 Adapting to an environment may take several generations, while acclimation is an 
immediate response to a novel stressor (Flynn et al. 2015). Therefore, deliberate selection 
of source populations with individuals possessing the ability to acclimate and survive in 
conditions inherent to captive environments may improve animal welfare, growth and 
survival (Snell-Rood 2013). Multiple studies across taxa additionally suggest that the 
ability to cope with various biotic and abiotic stressors that impact neurogenesis, 
synaptogenesis and brain cell survival (Praag et al. 2000) is driven by underlying 
differences in brain gene expression profiles (Bell et al. 2016, Cullinan et al. 1995). 
These differences are further linked to downstream effects and can elicit differential 
behavioural phenotypes (learning and cognition; Ebbesson and Braithwaite 2012), 
morphology (brain and body size; von Krogh et al. 2010) and physiological changes 
(stress response and growth rates; Sorenson et al. 2013, Braithwaite and Ebbesson 2014), 
which should assist in acclimation to altered environments. As such, targeting phenotypic 
variation in brain transcriptional responses of genes involved in neurogenesis, 
synaptoplasticity, stress response and behaviour at a population level can result in desired 
population level acclimation where some individuals within a population should be able 
to respond appropriately to environmental cues, even if all cannot (Norberg et al. 2001). 
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As such, plasticity in the neural traits in a population, as well as the screening for certain 
transcriptional profiles should therefore be important considerations when determining 
optimal transcriptional phenotypes for efficient domestication and when choosing wild 
stock sources for outbreeding practices. 
The domestication process in aquaculture, where artificial selection and non-
random mating practices are used to generate a set of desirable traits (Doyle 1983) -such 
as large body size and elevate disease resistance to improve profitability of their stocks 
(Kadri et al. 2012), can nevertheless result in the accumulation of undesirable phenotypes 
(reduced genetic variation, Heath et al. 2003; aggressive behaviours, Brown et al. 2013; 
high fat content, Bugeon 2010). Choosing phenotypically similar fish for future 
generations can decrease genetic variation and increase inbreeding depression with 
negative consequences for survival and size (Edmands 2007; Kincaid 1983). Outbreeding 
is a tool whereby farmers can introduce genetic variation to a population by hybridizing 
with a genetically similar population to achieve adaptive genetic diversity (Neff et al. 
2011). This can result in either heterosis (increased fitness, the goal) or outbreeding 
depression (reduced fitness due to incompatible genotypes; Houde et al. 2011). Being 
able to screen for broodstock that exhibit the desirable responses to life in captivity in 
terms of acclimation, growth, and survival can improve aquaculture practices by selecting 
individuals that will result in efficient production. Applying genomic tools to the 
production of aquaculture stocks, maintaining genetic variation, and targeting desirable 
traits has become a more sought after method than phenotype-based broodstock selection 
(Yanez et al. 2015). 
Our overall goal for this chapter is to develop genetic tools that can assay for the 
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expression of genes that confer desirable responses to life in captivity and thus the 
potential to contribute to the acclimation and growth of Chinook salmon raised for 
consumption. Our main objectives are to determine: 1) whether differences exist between 
seven outcrossed populations in the expression of genes associated with neuroplasticity, 
as well as with stress and behavior in comparison to a fully domesticated cross; 2) if 
differences in gene expression occur at the fresh- and saltwater life history stages to 
determine if transcription changes across a life-history stage with different goals and 
trade-offs; and 3) if any gene transcription (or transcriptional responses of multiple 
genes) can predict growth and survival at the population (i.e., stock) level. In this study 
growth and survival are used as metrics to determine the success of acclimation to a novel 
environment within one generation.  We hypothesize that the population(s) will exhibit 
significant differences in gene expression for most genes as Chinook salmon are locally 
adapted to their native habitats and should therefore provide genetic variation among 
populations (Dittman and Quinn 1996).  We expect there to be changes in neural gene 
expression across life history stages where there should be an up-regulation of genes in 
juveniles that promote cell proliferation and synaptogenesis in preparation for 
physiological transition to saltwater, and accommodate behaviour flexibility required for 
acclimation to novel environments (Ebbesson et al. 2003). We further predict the 
magnitude of expression in this subset of genes to be correlated with performance. We 
also expect that groups of genes that result in increased neurogenesis should have a 
negative relationship (brain tissue vs. somatic tissue tradeoff, via expensive tissue 
hypothesis; Aiello 1995) or no relationship (via unlimited available resources, i.e., due to 
ad libitum feeding) with growth performance. We predict up-regulation of genes 
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associated with neuroplasticity (and linked to cognitive responses to the environment; 
Ebbesson and Braithwaite 2012) and with stress response to result in increased survival, 
as the ability to cope and exhibit allostasis should be linked to successful acclimation and 
survival. From our outbreeding experimental design, we collected and preserved whole 
brains of juvenile freshwater parr and saltwater sub-adults from the wild-domestic and 
fully crossed populations. We then assessed the effects of mRNA transcription of 
candidate genes and transcriptional profiles associated with neural responses to a novel 
environment with novel stressors on growth and survival. 
 
Methods 
Animal husbandry 
All Chinook salmon used for this study and all research conducted were at Yellow Island 
Aquaculture Ltd. (YIAL), a Pacific salmon hatchery and aquaculture facility. It is located 
on Quadra Island, off the eastern coast of Vancouver Island in British Columbia [Lat - N 
50° 7' 59.124", Long - W 125° 19' 51.834"]. Outbreeding crosses were designed to 
produce seven wild-domestic hybrid stocks and one fully domestic stock (YIAL). The 
hybrid individuals used in this experiment are one generation removed from the wild for 
the sire. 
Fertilization occurred on November 2, 2013. The dams used in the breeding 
design were the offspring of a self-fertilized hermaphroditic Chinook salmon (produced 
through hormonal manipulation; Komsa et al. 2012) to limit maternal effects (Heath et al. 
1999). This resulted in highly inbred, genetically homogenous offspring. Eggs were 
collected and pooled from 17 YIAL dams then divided into 80 groups for family level 
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crosses. Milt from 10 males each was retrieved from seven hatcheries on Vancouver 
Island and the southern mainland of British Columbia (Big Qualicum River, Capilano 
River, Chilliwack River, Nitinat River, Puntledge River, Quinsam River and Robertson 
Creek) and from the YIAL domestic broodstock (full inbred control) in October 2013. 
This resulted in 10 families per population (total n=80).  
Fertilized eggs were incubated in replicated vertical stack incubation trays by 
family, then transferred to replicated 200 L barrels (n=160) on March 14, 2014. The 
barrels were part of a flow through system where water quality (temperature and 
dissolved oxygen) were measured on a weekly basis and maintained at 10-12 o C and 
above 80%, respectively. The fry were fed multiple times a day to satiation.  
From June 12-16, 2014 all fish were tagged with passive integrated transponder 
(PIT) tags for future identification. After PIT tagging, the parr were placed into 
duplicated population-level troughs to recover and prepare for vaccination. On July 7, 
2014 all fish received a Vibrio vaccination bath. 
On August 11 and 12, 2014, approximately 500 tagged fish were transferred to 
sea net pens (4.6m x 4.6m x 4.6m) in the Pacific Ocean (50°7′N and 125°19′W), divided 
by population and in duplicates (n=16). Temperature and dissolved oxygen was measured 
weekly and were maintained at 7-8o C and above 60%, respectively. Each pen was fed 
multiple times a day to satiation.  
 
Sampling 
Sampling of salmon parr (8 mpf) occurred between 8 AM and 11AM from June 2-11 
2014. Individuals were humanely euthanized in a lethal clove oil solution (50ppm; 
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Sigma), processed (i.e., pictures and weight taken) and whole fish  (with brains exposed) 
were preserved in RNAlater (Thermofisher Scientific Inc., Mississauga) according to 
protocol standards (2.5 mL RNAlater/0.5g tissue). Samples were then stored at -20 oC. A 
total of 238 individuals were used for gene transcription expression analysis from 60 
families from all eight populations. All samples chosen included at least one (preferably 
two) individual(s) from each replicate barrel.  
Sub-adult individuals (20 mpf) were collected between 8AM and 12PM from 
June 4-8 2015 from sea pens using a cast net. Immediately post-capture individuals were 
humanely euthanized in a lethal clove oil solution (50ppm; Sigma), heads were removed 
from bodies with brains exposed and preserved within 10 minutes to ensure minimal 
RNA degradation.  Brains were preserved in RNAlater (Thermofisher Scientific Inc., 
Mississauga) following the same protocol as above. A total of 228 individuals were used 
from 60 families from all eight populations. All samples chosen included at least one 
(preferably two) individual(s) from each replicated net pen. 
 
RNA Extraction and cDNA synthesis 
RNA was extracted from brain tissue in 0.75mL of TRIzolTM (Invitrogen™, 
Thermofisher Scientific Inc., Mississauga) following protocols adapted from 
Chomczynski and Sacchi (1987) and Wellband (2013). To maintain a whole-brain 
homogenization approach, brains of large size were divided, mechanically homogenized 
in TRIzol and the homogenate was then thoroughly mixed. The protocol was then 
completed as per instruction. Total RNA samples were stored at -80oC until needed. Total 
RNA samples were assessed for purity and total RNA concentration via Nanovue Plus 
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Spectrophotometer (GE Lifesciences) and had purity values of 1.8-2.2 (A260/A280). 
Additionally, they were assessed using gel electrophoresis where defined 28S and 18S 
rRNA bands and minimal smearing were present to identify them to be of good quality 
(Wellband 2013). Samples were then diluted to obtain 500 ng/µL of total RNA and 
subjected to a DNAse 1 treatment to remove genomic DNA contamination. RNA was 
converted to cDNA using a high-capacity reverse transcription kit with an RNAse 
inhibitor as per the manufacturer’s protocol (Applied Biosystems, Burlington, ON, 
Canada). cDNA was stored at -20 oC until needed for qRT-PCR. 
 
Selection of candidate loci 
To assess the major functions of the brain, a number of genes were selected from one of 
four main neural functions: 1) Neurogenesis and 2) Neuroplasticity and synaptic 
processes (some of the genes chosen are versatile and may be involved in both functions 
or have other roles not related solely to brain growth and plasticity) (Table 3.1). 
Additionally, a small subset of genes was chosen to assess 3) Stress responses, and genes 
that have been correlated to 4) Behaviours of interest in our project (i.e.- aggression, 
exploration and foraging), and finally, genes associated with somatic growth.  
1) Neurogenesis (the generation and differentiation of new neuronal cells): Zinc 
finger cerebellum 2a (zic2a), sonic hedgehog (shh), sex determining region box 2 
(sox2), disrupted in schizophrenia (disc1), proliferating cell nuclear antigen (pcna) 
and neurogenic differentiation factor (ndf1) are involved in processes associated 
with neurogenesis. zic2a expression contributes to the formation of brain 
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structures and proliferation of neural cells (TeSlaa 2013, Dodou 2004). shh is a 
chemical signal crucial for the development and differentiation of the forebrain in 
zebrafish (Muthu et al. 2016) and is activated by sox2, and decreases in the 
expression of shh and sox2 result in neurogenesis loss (Favaro et al. 2009). disc1 
is acted upon by shh upstream in its pathway and is important for neurogenesis 
and cell proliferation (Boyd et al. 2015). pcna is an antigen marker and is present 
in proliferating regions of the brain (Pushchina 2013) and ndf1 is up-regulated in 
neurogenesis and involved in the differentiation of neuronal cells (D’Amico et al. 
2013).  
 
2) Synaptogenesis (reorganization, formation and death of neuronal connections) and 
synaptic processes: gonadotropin releasing hormone (gnrh), canabannoid receptor 
1 (cnr1), estrogen receptor 1 (er-α), cellular retinoic acid binding protein 1a 
(crabp1a), beta-catenin (ctnnb1a) and growth associated protein 43 (gap43) play 
a role in synaptic processes. Terminal nerve gnrh can act as a neuromodulator 
which influences neuronal excitability of surrounding neurons (Oka 1992). cnr1 
mediates signaling at synaptic terminals for the release of neurotransmitters 
(Elphick 2002). When er-α binds to estradiol on principal neurons it results in 
increased synaptic transmission and synapse density in the brains of rats (Waters 
2009). crabp1a expressed in neural tissue is indicative of  areas of plasticity and is 
suggested to play a role in neurogenesis due to its response to retinoic acid (Liu 
2005). ctnnb1a is a factor in the Wnt pathway (signaling pathway in embryonic 
development) and when expressed in brain tissue implies an important role in cell 
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to cell communication (Maguschak and Ressler 2012). gap43 is expressed during 
axonal regeneration and sprouting (Kusik et al. 2010). 
3) Combined neural functions: Van gogh like 2 (vangl2), synaptysomal-associated 
protein 25-a (sn25a), brain derived neurotropin factor (bdnf), doublecortin like 
kinase 1 (dclk1), glutamate receptor ionotropic N-methyl D-asparate 1a (grin1a) 
and calmodulin 2a (calm2a) have been shown to share neurogenic and synaptic 
processes. vangl2 is a contributing factor in the planar cell polarity pathway which 
may be involved in neuron formation (Shafer 2011) and neuron migration (Reilly 
2009). sn25a is involved in axonal growth and synaptogenesis in rats (Boschert 
1996). bdnf is involved in the survival and differentiation during development and 
later in life is important for neuroplasticity in mice and rats (Aid 2006). In mice 
dclk plays a role in several neural processes: neuronal migration, cell growth and 
apoptosis (Shu 2006). Up-regulation of calm2a has been linked to apoptosis, but it 
also is involved in cell proliferation and synaptic processes (Berchtold and 
Villalobo 2014). Increased expression in grin1a also results in apoptosis (works in 
concert with calm2a for calcium mediated cell death; Wayman et al. 2008) and is 
also involved in neuronal migration in juvenile rats and neurogenesis in adult rats 
(Bekiari et al. 2015). 
4) Stress response, behaviour and growth: Major histocompatibility complex class 
1a (MHC1a), arginine vasotocin (AVT), fibroblast growth factor receptor 1a 
(fgfr1a) and proopiomelanocortin (POMC) have been shown to have an impact on 
behaviour in fishes. POMC, glucocorticoid receptors 1 and 2 (gr1 and gr2) and 
corticotropin releasing factor (CRF) play important roles in the stress response. 
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Growth hormone (gh) is produced in pituitary gland of the brain and travels to 
tissues in the body to promote growth via the blood stream. The expression of 
MHC Class 1 in neurons has been linked to aggressive behaviours in mice, where 
mice failing to express MHC did not exhibit usual levels of male-male aggression 
(Boulanger 2004). The up-regulation and release of AVT in voles has been 
associated with aggressive behaviours towards competitors and social behaviour 
towards kin and mates (Keverne 2004). Mutations in fgfr1a results in reduced 
histamine levels and subsequent increases in aggressive, bold and exploratory 
behaviour in zebrafish (Norton 2011). gr1 and gr2 bind glucocorticoids to initiate 
a stress response in the central nervous system which may offer the potential for 
behavioural and physiological responses to stressful situations (Senft 2016). CRF 
expression and release is the first step in the HPI axis in response to stress 
(Sopinka 2015). Increased expression of POMC in subordinate Rainbow trout has 
been proposed as a mechanism for dealing with stress of dominate conspecifics 
(via HPI axis) (Winberg 1998) and involved in the regulation of appetite and food 
in-take (Valen et al. 2011).  
 
Primer and Probe Optimization 
Gene sequences for sixteen candidate genes were downloaded from Genbank from 
closely related species for each gene of interest. These sequences were aligned with 
NCBI BLAST against the Atlantic salmon genome to target conserved regions of 
sequence. Primer Express® software (v3.1) was used to design primers with an 
approximate amplicon length of 50-100bp and probes that met Taqman® primer and 
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probe specifications. The remaining gene expression assays were designed in previous 
studies (Corestine 2014) and re-optimized on samples from this study.  Primer specificity 
was tested on extracted Chinook salmon DNA using PCR and gel electrophoresis. SyBr® 
Green (Thermo Fisher Scientific) assays were also completed to assess melt curves on 
Chinook salmon cDNA to further test each primer.  
 
Quantitative real time PCR 
Quantitative real time polymerase chain reaction (qRT-PCR) was completed using the 
TaqMan OpenArray ® real time PCR chips (Applied Biosystems, Burlington, ON, 
Canada). Each OpenArray chip contained 48 subarrays (1 sample/subarray) which each 
contained duplicated assays for all target gene and two endogeneous controls. All 
OpenArrays were run on the Applied Biosystems™ QuantStudio™ 12K Flex instrument 
(Thermofisher Scientific Inc., Mississauga) and samples loaded as per the manufacturers 
protocol using the OpenArray ™ Accufill ™ System (Thermofisher Scientific Inc., 
Mississauga). 
 
Transcription Analysis 
Raw critical threshold (Crt) values were calculated from the raw fluorescence data using 
ExpressionSuite Software v1.0.3 (Applied Biosystems, Burlington, ON, Canada) for each 
gene. Endogenous control determinations were based upon normalization rankings in R 
using ReadqPCR (Perkins et al. 2012) and GLMMs to determine whether population and 
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stage effects exist. Using the mean of both endogenous controls had no population or 
stage effects and all mRNA transcription was normalized to these Crt values, generating 
ΔCrt values.  
 
Statistical Analysis 
Statistical analyses were completed using R version 3.2.4 (R Core Team 2016) and JMP 
Version 13 (SAS Institute Inc.). All data were visually inspected for normality and outlier 
tests completed prior to analyses. Results were measured with a significance level of α 
=0.05. 
 
Effect of population, stage and mass on gene expression 
Linear mixed models (LMM) were performed using the lme4 package in R to determine 
the effects of life stage, mass, population and stage x population, mass x population 
interactions on gene expression (ΔCrt values). For each model family and barrel/net pen 
were included as random effects. An LMM was completed for each candidate gene. A 
false discovery rate (FDR) correction was used to correct for multiple comparisons and 
reduce false positives (Mangiafico 2015).  
 
Principal coordinate analysis 
A principal coordinate analysis was completed using all individuals (of all populations 
and both life stages) to determine how genes of different functions (growth, stress, 
behaviour and neural) may associate (or not). This was done using the vegan (Version 
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2.4-4) package in R with Bray-Curtis distance (Okansen et al. 2017) and then plotted 
using R package ggplot2 (Wickham 2009). This was completed for visual purposes only. 
 
Principal component analysis  
Four principal component analyses (PCAs) were conducted in JMP based on i) neural 
function and ii) behaviour/stress response for each life stage (juvenile / sub-adult) to 
assess gene associations within each life stage and identify trends using ΔCrt values from 
each gene. The number of factors for each PCA used was based on Kaiser criterion 
(eigenvalue > 1) and factors explaining more than 10% of variation. 
 
Gene associations affecting performance 
LMMs were performed to determine the effects principal components (or transcriptional 
profiles) may have on biomass and family level survival (calculated as a proportion). An 
LMM was completed independently for each life stage. Principal component factor 
scores were inputted as fixed effects, freshwater or saltwater biomass as dependent 
variables, and population, family and barrel/net pen as random effects. Biomass was 
calculated per family (product of average family mass and number of survivors). 
Freshwater biomass is calculated from post-hatch to transfer to saltwater net pens 
(10mpf) and saltwater biomass is calculated from saltwater transfer to final sampling 
(19mpf, using survival from 10 – 19mpf).  
 
Candidate genes affecting performance 
A subset of genes were chosen from our list based on a priori knowledge of genes with 
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well described and known function in fishes and across taxa to indicate conservation of 
function (Table 3.2). Genes found to have significant differences in transcription across 
life stage were also included to determine whether a change in expression due to 
environmental changes may have an impact on survival or biomass. A series of LMMs 
were done on each candidate depending on their functions. Family, population and 
barrel/sea pen were controlled for in each LMM as random effects. The transcription of 
genes associated with stress and neural function were used as a fixed effect to test for 
an effect on biomass and survival. A false discovery rate (FDR) correction was used to 
correct for multiple comparisons and reduce false positives.  
 
Results 
Effect of population, stage and mass on gene expression 
Models investigating population, mass and stage effects are summarized in Table 3.3. 
There were no genes that showed significant differences in transcription based on 
population or its interaction with stage or mass (all p-values > 0.229, post FDR 
correction). Figures 3.1 and 3.2 illustrate mean ΔCt values for each gene by population. 
Only five of our candidate genes showed significant stage effects on transcriptional 
response after FDR correction. AVT, CRF, gh, gr1 and POMC had significant differences 
in transcription between fresh- and saltwater samples (F1,340=12.95, P=0.0004; 
F1,334=14.44, P=0.0002; F1, 240=39.16, P<0.0001; F1, 355= 10.48, P=0.001; F1, 363=29.27, 
P<0.0001). Each gene with a significant stage difference showed the same pattern of 
mRNA expression; adult samples showed an up-regulation of expression. A lower mean 
ΔCt value in adulthood translates to greater expression or up-regulation relative to 
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mRNA expression in juveniles (Figure 3.3). We found there to be no barrel or sea pen 
effects (all p-values > 0.2) or family effects (all p-values>0.15, post FDR 
correction;Table 3.4). 
 
Principal component analysis: gene associations 
The first neural-juvenile PCA resulted in four components (Table 3.5). They accounted 
for 60.4% of the total variation. PC1 positively loaded crabp1a, disc1, grin1a and zic2a. 
PC2 positively loaded bdnf, pcna, shh and vangl2. PC3 positively loaded cttnb1, dclk, 
gnrh and sn25a. PC4 positively loaded calm2a and cnr1. The neural sub adult PCA using 
transcription data also resulted in four components, which accounted for 66.4% of the 
total variation (Table 3.6). PC1 positively loaded crabp1a, dclk, grin1a and zic2a. PC2 
positively loaded ctnnb1, dclk, gnrh and sn25a and negatively loaded calm2a and disc1. 
PC3 positively loaded bdnf, pcna and shh. PC4 positively loaded calm2a, cnr1 and 
vangl2. There were four sets of genes that consistently loaded together across both life 
stages: 1) bdnf, pcna, shh 2) crabp1a, grin1a and zic2a 3) ctnnb1, dclk, sn25a and gnrh, 
and 4) calm2a and cnr1. The remaining genes included in the analysis did not 
consistently load with other genes.  
The behaviour/stress response – juvenile PCA resulted in three components, 
which explained 64.0% of the total variation  (Table 3.7). PC1 positively loaded CRF and 
gr1. PC2 positively loaded fgfr1a and gr2. PC3 positively loaded AVT and POMC. The 
behaviour/stress response – sub adult PCA resulted in three components, which explained 
65.7% of the total variation (Table 3.8). PC1 positively loaded CRF, gr1 and gr2. PC2 
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positively loaded fgfr1a and POMC. PC3 solely loaded AVT. Across both life stages 
only CRF and gr1 loaded together.  
 
Gene associations affecting performance 
The models assessing the effects of transcriptional principal components on either mass, 
biomass and/or survival for juveniles and sub-adults are summarized in Table 3.9. Each 
principal component represents a transcriptional profile. Principal component neural  
factor 4 (genes: calm2a and cnr1) was significantly associated with freshwater (i.e., 
juvenile life stage) biomass (F1, 86=4.4, P=0.039).  The relationship was positive, where 
the greater the factor score (down-regulated transcription), the greater the freshwater 
biomass. There were no effects of neural or stress factors on freshwater mass or survival. 
In the sub-adult life history stage, principal component behaviour/stress response factors 
1 (genes: CRF, gr1 and gr2) and 2 (genes: fgfr1a and POMC) were significantly 
associated with saltwater mass (F1, 176=4.06, P=0.045; F1, 145=4.32, P=0.039, 
respectively). Both relationships were positive, where the greater the factor score (down-
regulated transcription), the greater the saltwater mass. There were no effects of neural or 
stress factors on saltwater biomass or survival.  
 
Candidate genes affecting performance 
The models assessing the mRNA expression effects on either mass, biomass and/or 
survival for juveniles and sub-adults are summarized in Table 3.10. There were no 
candidate genes chosen that had an effect on freshwater mass after FDR correction (p-
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values>0.105). Only two of eleven genes chosen to investigate transcriptional effects on 
freshwater biomass had a significant effect: gr1  (F 1,94 = 4.73, P=0.03) and grin1a (F1, 
96=9.84, P=0.002). There were also two candidate genes chosen to investigate 
transcriptional effects on freshwater survival that had a marginally significant 
relationship: grin1a (F1, 110=4.36, P=0.051, post FDR correction) and pcna (F1,105=4.00, 
P=0.061, post FDR correction). During the saltwater life history stage, two candidate 
genes had a significant effect on saltwater mass: gh (F1, 142=9.96, P=0.002) and POMC 
(F1, 190=9.92, P=0.0002). There were no candidate genes chosen that had an effect on 
saltwater biomass (p-values>0.161); and only one candidate gene had a significant 
relationship with survival in salt water: gr1 (F1, 140=10.96, P=0.001). 
 
Discussion 
Our goal was to determine whether mRNA expression of neural, stress, and behaviour 
genes can be used as a tool to assess the acclimation of first-generation individuals across 
multiple populations transited into captive conditions for aquaculture. We show that there 
are no population effects on the mRNA expression of neural genes or stress/behaviour 
genes; instead, some genes are differentially transcribed across life stages; several genes 
consistently associate with one another across stages; and certain neural and behavioural 
transcriptional profiles and candidate genes are associated with survival, biomass or size 
in both juveniles and sub-adults. 
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Effect of population, stage and mass on gene expression 
It is unsurprising that there are no population effects on the transcription of neural genes 
as the brain is highly plastic and greatly influenced by the environment. For example, a 
study on brain size in Atlantic molly fish (Poecilia mexicana) found that differences in 
abiotic factors between populations created variation in the size of certain regions. 
However, the results of their follow-up common-garden experiment found no difference 
in brain region sizes or total volume suggesting brain size is not heritable, but varies due 
to environment-mediated phenotypic plasticity (Eifert et al. 2015). Other studies have 
similarly shown environmental effects on brain morphology where habitat complexity 
and social structures increase brain size in cichlids (Pollen et al. 2007); captive rearing 
results in changes in brain morphology in rainbow trout (Marchetti and Nevitt 2003); and 
dendritic branching is increased in the frontolateral and temporal cortex in a more 
complex environment in rats (Greenough et al. 1973). By maintaining a consistent 
environment and controlling for barrel effects in our models, we equalized environmental 
effects across all populations, which may have resulted in similar expression of genes 
within stages. The absence of barrel or sea pen effects may suggest that small 
environmental differences do not play a role in neural transcriptional responses. Since 
there are no differences among stocks and no family effects (therefore not heritable) in 
gene transcription, targeting one population to choose as an outbreeding source becomes 
difficult and we can therefore look towards trends among individuals with specific 
transcriptional profiles instead that result in desirable performance traits: high survival 
and rapid growth rates.  
Several studies have shown that the brain undergoes a structural change (i.e., 
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neuroplasticity) prior to the fresh-to-saltwater transition (between April and May; 
Ebbesson 1992, 1996). Evolutionarily, wild salmon transition from dynamic and 
challenging freshwater environments (Quinn and Peterson 1996) to a vastly different 
saltwater environment with different selective pressures, prey, predators, stressors and 
life history goals. This should therefore require a change in physiology and behaviour to 
acclimate to new selective pressures, cope with these new stressors and accomplish these 
goals. More generally, a difference in environment should shape a difference in 
behaviour, facilitated by neuroplasticity. We predicted there would be an up-regulation of 
genes associated with neurogenesis and synaptic processes in juveniles to prepare for the 
physiological transition to salt water and for the acclimation to the new stressors 
(Ebbesson et al. 2011). There were no significant stage differences in the expression of 
neural genes. The genes that did have a significant stage difference have functions in 
growth, stress response and behaviour. gh, gr1, AVT, CRF and POMC experienced a 
relative increase in mRNA expression from juvenile to sub-adults. These stage 
differences suggest flexibility in transcriptional responses, which is likely driven by 
environmental differences and may be in response to osmoregulatory changes associated 
with Smoltification (Barton 2002). gr1 and CRF are involved in the stress response; an 
up-regulation of these genes in sub-adults may indicate a more stressful (in the sense of 
stochastic) environment in net pens. A transition from a benign, controlled hatchery 
environment to a semi-natural outdoor environment with currents, noise pollution, 
production disturbances, predator stimuli (visual and auditory), exposure to novel and 
enriched environments and food sources may be perceived as more stressful. gh and 
POMC are both involved in feeding motivation and growth, with gh a component of the 
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GH-IGF axis involved in growth promotion and metabolism regulation, and POMC 
involved in the regulation of appetite and food in-take (Valen et al. 2011). It is therefore 
likely that increased growth rates experienced by anadromous salmonids post-
smoltification (Triebenbach et al. 2009) explain the differential expression of genes that 
promote growth. Lastly, AVT is involved both in the stress response and osmoregulation. 
It is difficult therefore, to determine which function the transcriptional response is being 
driven by, as it is likely it can affect both functions during the fresh- to saltwater 
transition (Kulczykowska 2001, Balment et al. 1993). 
 
Principal component and coordinate analyses: gene associations 
We expected genes of similar function or pathway to cluster together in a PCA, as they 
should work in a concerted fashion, while genes with multiple functions would 
potentially load across multiple factors. A majority of the genes chosen for assessing 
neuroplasticity have functions in both synaptogenesis and neurogenesis. Within each life 
stage there was some commonality of function for some PCs. For example, juvenile PC1 
genes are all known to be involved in neurogenesis, while crabp1a and grin1a also 
function in synapse plasticity. Juvenile PC2 genes share a common function in 
neurogenesis as well, while PC3 and PC4 share functions of synapse plasticity. The same 
pattern is only true for PC1 and PC4 for sub-adults, where PC1 have genes with a 
common function in neurogenesis and PC4 for synapse plasticity. For stress and 
behaviour genes, PC1 for juveniles and sub-adults have genes involved in the stress 
pathway. Some of the genes that experienced cross-loading across multiple PCs had dual 
function: crabp1a, sn25a, calm2a, dclk, but not all. Genes that consistently associate 
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across both life stages are most likely conserved pathways or respond similarly to 
environmental stimuli. There were four sets of genes that consistently loaded across both 
pathways: 1) bdnf, pcna, shh 2) crabp1a, grin1a and zic2a 3) ctnnb1, dclk, sn25a and 
gnrh, and 4) calm2a and cnr1. The first three sets of genes that consistently loaded share 
different neural functions: neurogenesis and/or synaptogenesis. This suggests that they 
likely work via different pathways, but experience coordinated expression.  
To further support the presence of gene associations, the PCoA plot shown in 
Figure 3.4, which includes all genes and is based on both juvenile and adult samples, 
shows clustering of neural genes and combined clustering of neural and stress genes. This 
is not surprising as environments – both benign and stressful can influence neural 
responses  (Sorenson et al. 2013) and genes involved in the neuroendocrine system can 
show similar patterns of response with genes involved in neurogenesis (Ebbesson et al. 
2011). The same genes show similar clustering within each life stage (juveniles or 
adults), but there exists differences between life stages. This suggests a change in 
transcription for those genes not concentrated in the centre cluster. Differences in 
associations between the PCA and PCoA are likely due to the division of PCAs by stage 
and general function.  
 
Transcriptional profiles affecting biomass 
Neural factor 4 had a positive significant relationship with freshwater biomass where a 
down-regulation in calm2a and cnr1 was associated with larger biomass in fresh water. 
Both of these genes have synaptoplastic roles while calm2a is also involved in cell 
proliferation and cell death. This factor did not have an effect on freshwater survival or 
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freshwater individual mass suggesting it may play a role in family-level mass differences 
(e.g., via paternal effects, Gjedrem 2000). Brains are considered to be an expensive 
tissue, the down-regulation of genes associated with neural tissue development may result 
in energy spent elsewhere (i.e., somatic growth; Kaufman et al. 1995).  
Stress and behaviour factors 1 and 2 also had a positive significant relationship 
with saltwater mass where a down-regulation of CRF, gr1 and gr2 and fgfr1a and pomc 
was associated with larger size in salt water. CRF, gr1 and gr2 are all involved in the 
same stress response pathway where CRF acts upstream on the release of glucocorticoids, 
which then bind to glucocorticoid receptors 1 and 2 (gr1 and gr2). Individuals that have a 
greater transcriptional response to stressors in their environment tended to be smaller in 
size. There is evidence that fishes responding to chronic stressors tend to have greater 
standard metabolic rates which can result in smaller body size (Lankford et al. 2002) and 
declines in condition factors (Morgan et al. 2002). fgfr1a knockout experiments have 
indicated that a mutation in this gene can result in greater aggression, exploration and 
boldness in zebrafish (Norton et al. 2011). The down-regulation of this gene, which is 
associated with larger individuals, is aligned with other literature where aquaculture 
salmonids selected for large size are more aggressive (Brown et al. 2013). The expression 
of POMC in other studies has shown an up-regulation of POMC post-feeding (Valen et 
al. 2011). In our study, POMC up-regulation is associated with smaller individuals 
suggesting individuals of smaller size may have greater foraging motivations and feed 
more often to promote growth (Jorgensen et al 2016).   
 
Candidate gene transcription affecting performance 
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The down-regulation of gr1 and grin1a are each associated with greater freshwater 
biomass. This effect of gr1 on freshwater biomass is consistent with the effect of the 
transcriptional profile of stress and behaviour factor 1. Juveniles experiencing stress most 
likely tended to have greater metabolic costs, which can result in smaller body size 
(Davis and Schrek 1997).  grin1a has functions in neurogenesis and neuronal migration. 
The down-regulation of this gene is associated with greater freshwater biomass, again 
consistent with the effects of our transcriptional profiles on performance. We suggest this 
relationship may be due to the expensive tissue hypothesis, where maintenance of brain 
tissue requires energy that could be appropriated for somatic growth (Kaufman et al. 
1995).  
The expression of gh and POMC are both associated with smaller saltwater mass, 
in that smaller individuals tended to have a greater expression of gh and POMC. In 
rainbow trout it has been shown that gh expression is increased in starved fish (Sumpter 
et al. 1991) and an up-regulation of POMC is involved in anorexic behaviour (Murashita 
et al. 2008). Both IGF (release stimulated by gh) and POMC are up-regulated after 
feeding in comparison to starved fish (Larsen et al. 2001). This again is consistent with 
the findings from our transcriptional profiles. In contrast to freshwater juveniles, gr1 up-
regulation is associated with survival in salt water. The stress response can allow for 
individuals to maintain homeostasis and cope with changes in the environment. This can 
therefore affect survival and acclimation to a novel environment or stressful stimuli 
(Barton 2002). Interestingly, gh, gr1 and POMC candidate genes not only had effects on 
either family biomass or individual mass, but were three of the genes that showed 
significant differences in transcription across life history stages as well (see above). We 
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had initially hypothesized that genes associated with neuroplasticity and involved in life-
history transition would also then be associated with higher saltwater performance. 
Instead, only stress and behavioural genes were involved, and a subset of these in turn 
had contrasting performance impacts. These results only reinforce the multifaceted roles 
genes can play on various performance and fitness traits. 
 
Transcriptional profiles versus candidate genes 
The effects of transcriptional profiles and candidate genes on performance showed 
consistent patterns. When transcriptional profiles and candidate genes associated with 
neural function, stress, growth hormone and foraging behaviour were up-regulated it was 
consistently associated with smaller body size or biomass. Recent studies on gene 
expression have focused on the coexpression of genes and transcriptional profiles, as it is 
known that genes work together as networks to control processes and traits (Filteau et al. 
2013; Feltus 2014). This research supports this idea only in the case of juvenile biomass, 
as a performance trait, with the genes chosen for my study. There were no transcriptional 
profiles that had a significant impact on survival, but a candidate gene, gr1, did. This 
result did not support the use of transcriptional profiles, but I argue that limitations exist 
in a targeted gene approach and selection of more genes known to impact survival in 
salmonids may produce transcriptional profiles that do indeed affect fitness. 
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For juveniles a down-regulation of gr1 was associated with larger freshwater family-level 
biomass (the product of survival and mass), while for sub-adults an up-regulation of gr1 
was associated with increased family-level saltwater survival. This may imply that the 
relationship between performance metrics and transcription expression is context-
dependent. There was significant stage difference of transcriptional responses in genes 
known to be a part of the stress response in fishes. There was an up-regulation of CRF, 
gr1, POMC and AVT in sub-adults suggesting a more stressful/stochastic environment. 
Juveniles in a less stressful environment (fresh water) can grow larger when not 
expending energy on a stress response (Pankhurst and van der Kraak 1997) and sub-
adults responding to stress appropriately may be better at coping with stressors, 
influencing survival (Barton and Iwama 1991).  
 
Conclusions 
When choosing how to screen for successful acclimation we have shown that 
transcriptional profiles and candidate genes can be successful in predicting freshwater 
biomass and size in salt water. However, no transcriptional profile was able to screen for 
survival while only one gene, GR1, showed a relationship with survival. Our results 
support the notion that transcriptional profiles and candidate genes associated with the 
stress response are capable of predicting acclimation or performance success (i.e.- growth 
and survival) at the individual level. There are no population differences in the expression 
of any of the candidate genes, therefore, when choosing fish that should be successful in 
acclimating to an aquaculture setting, we advocate selecting on an individual level if non-
lethal screening alternatives become available not at a population level.  
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Tables 
Table 3.1 Full list of target genes with accession numbers, functions and sequences used in this project. 
Gene FAM Probe Forward Reverse 
Amplicon 
Length 
Accession Number 
Endogenous Controls 
B-actin acgagacatcaaggaga acggccgagagggaaatc tccagcgccacgtagca 104 KC888023.1 
EF1a cgctgtgcgtgacat aataccctcctcttggtcgttt cttgtcgacggccttgatg 80 AF498320.1 
Neuroplasticity (S-Synaptoplasticity; N-Neurogenesis) 
zic2a (N) atgggtcccacggat tcattcccacacagacagcc gcatttgcccattgagcaca 100 BT059418.1 
disc1 (N) cagtacacagcgccc gttcactgaggctgggtctc tcccctccatcactctccac 88 NM_001142263.1 
Shh (N) tcaccgagggctggg actccctggcgatctctg gcccttccctcgtagtg 115 AY584236.1 
sox2 (N) cgtagtcacgtcgtcg atgggttcggtggtcaagtc gtcccgtaggtctcctgtc 102 NM_001141718.1 
ndf1 (N) agcgcttctataggtca cctttaggagaagtgcggata atgggagatgtacaatactggtt 244 BT058820.1 
pcna (N) agttgtcccagaccagca ttttctgcaacgggagagct atttgggacacagaccaccc 155 KC747823.1 
cnr1 (S) ccagctatgatgacgcc tgtaccttggctccaacgat ctcatcaccaaagccgctac 218 XM_014144184.1 
er-a (S) tgccctgggaaact tggctggaggtgctgatga gtttcccagggcagtggat 58 FJ226367.1 
gnrh (S) cgttgatagctcaggtca cgtttgtgcaggtggtgatg ccacccatacgaccaatgct 71 NM_001124281.1 
crabp1a (S) agcagtgagaatttt gccggtacctggaaaatgaa gccaagggctttgagaagttc 60 KU925875.1 
ctnnb1 (S) ccaggcgacagcaa cgcccaagacctgatcgat gtcagtatcaaaccaagccaactg 67 NM_001173938.1 
Gap43 (S) cccaaaacccctccac gaggtggacagcagtgaagct ccatgctcttttcagcacaatc 70 NM_001139802.1 
sn25a (NS) tcccgcaagcgcag cccggagcacgttgctt tgtttgcgccttgtgacaa 52 NM_001173949.1 
calm2a (NS) agctggttgtcacttg ctgagtccccatgtcccttt tccgtagtccatgcagtgtt 228 BT074083.1 
Bdnf (NS) aatgcaggacaacccagt aaaaggtccctgtccccaat tccttataaaccgccagcca 195 GU108576.1 
dclk (NS) tctccaggacttcttc ctggaggggaaacaggtgac tatttctccggtccacacgc 106 XM_014198361.1 
grin1a (NS) cacctgccaacacga cggtggttcaagtcgtggta gaccaaaacgcacagtggac 110 XM_020466227.1 
vangl2 (NS) aacttggagccgatcg cggtccctttggtgactcta ccttggatgtggtagccgtt 190 See Reilly et al. 2008 
Behaviour (B), Stress (St) and Growth (G) 
MHC Class1 (B) attgggtagagcgggc gcaggaggttggtgtcacctt tccactcattccattctagcaattac 69 AF115522.1 
AVT (BSt) acgtgggctcgccag tggccccaatatctgctgtg ggtagttctcctccacgcag 78 FJ555241.2 
fgfr1a (B) ctcaaggccgcagcag actgtcgttccttctctgca acctcaatcacgagccaaga 172 XM_014160175.1 
GR1 (St) caacaccccagggag gttggaggcgagtattgcag agcctctcgttgacatccaa 183 NM_001124730.1 
GR2 (St) ctcatcaaacactgcctg agcaccgtgccaaaagatg gccttccccaactccttga 83 AY495372.1 
CRF (St) atccagggacacaacg ttgatccatcactcgtggaa atagcgcggtaagaaagcaa 157 NM_001124286.1 
POMC (B) agcagtagaggagggca caatcccacaagcccctgat ccctcccttccctctatccc 99 DQ025544.1 
Gh (G) agcgacctcaaagtg gtaccctagccagaccctg cccgtgatgagcaggttg 111 S50867.1 
	  	   106	  
 
Table 3.2 Summary of genes chosen for candidate approach. An ‘x’ denotes which 
genes are being included in their effects on mass (M), biomass (B) or survival (S). 
 
Gene Mass Biomass Survival References 
GH x x  M(Fleming et al. 2002); B(Devlin et 
al. 2004) 
POMC x x x M(Millington 2007); B(Winberg and 
Lepage 1998); S(Balm and Pottinger 
1995) 
PCNA  x x B(Vindas et al. 2014); S(von Krough 
et al. 2010) 
BDNF  x x B and S(Vindas et al. 2014) 
CRABP1A  x x B(Maden 2007, Kaufman et al. 2003); 
S(Liu 2005) 
GRIN1A  x x B and S(Kroehne et al. 2011) 
SHH   x S(Barth and Wilson 1995, Muthu 
2016) 
VANGL2   x S(Rielly et al. 2008) 
AVT x x x M and B(Greenwood et al. 2008); 
S(Ando et al. 1999) 
CRF x x x M(Madaro et al. 2015); B(Bernier et 
al. 2005); S(Ando et al. 1999, Bernier 
et al. 2005) 
GR1 x x x M and B(Madaro et al. 2015); B and 
S(Alsop and Vijayan 2007, Barton 
2007) 
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Table 3.3 Summary of linear mixed model results examining the effects of life stage, 
mass, population and their interactions on transcription of neural, stress, behavioural and 
growth genes. Family and barrel was included as random effects. P-values listed are raw 
and significance is determined post-FDR correction. Bolded values are significant at the 
α = 0.05 level.  
 
Gene Fixed Effects Estimate SE F df P 
 
 
 
 
 
 
AVT 
Intercept 4.068 0.530 - - <0.0001 
Stage 1.641 0.595 12.948 1 0.0004 
Mass 0.006 0.003 1.701 1 0.050 
Population - - 1.894 7 0.070 
Stage*Population - - 1.628 7 0.126 
Mass*Population - - 1.863 7 0.074 
Stage*Mass - - 1.572 1 0.211 
Big Qualicum 0.046 0.852  277 0.956 
Capilano 0.864 0.853  289 0.312 
Chilliwack -0.387 0.750  253 0.606 
Nitinat 2.067 0.750  254 0.006 
Puntledge 0.160 0.814  283 0.844 
Quinsam 0.647 0.972  383 0.506 
Robertson Creek 0.280 0.931  360 0.763 
BDNF Intercept 6.452 1.118 - - <0.0001 
Stage 0.798 1.255 1.336 1 0.248 
Mass 0.002 0.006 0.164 1 0.685 
Population - - 0.236 7 0.976 
Stage*Population - - 0.178 7 0.989 
Mass*Population - - 0.201 7 0.985 
Stage*Mass - - 0.174 1 0.677 
Big Qualicum 0.632 1.909  352 0.741 
Capilano -0.589 1.810  352 0.745 
Chilliwack -0.228 1.613  349 0.888 
Nitinat 0.065 1.691  348 0.969 
Puntledge 0.832 1.766  351 0.638 
Quinsam -0.198 2.056  354 0.923 
Robertson Creek 0.068 1.937  249 0.972 
CALM2A Intercept 3.275 2.028 - - <0.0001 
Stage 1.539 2.277 0.685 1 0.408 
Mass 0.002 0.011 1.987 1 0.160 
Population - - 1.336 7 0.234 
Stage*Population - - 0.837 7 0.557 
Mass*Population - - 1.109 7 0.358 
Stage*Mass - - 1.938 1 0.165 
Big Qualicum -2.593 3.157  234 0.412 
Capilano 0.134 3.251  234 0.967 
Chilliwack -3.486 2.640  234 0.188 
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Nitinat -1.777 2.987  234 0.552 
Puntledge 0.100 2.944  234 0.973 
Quinsam 6.540 4.161  234 0.117 
Robertson Creek -0.814 3.025  234 0.788 
CNR1 Intercept 11.002 2.473 - - <0.0001 
Stage 2.933 2.720 0.199 1 0.655 
Mass 0.015 0.013 0.150 1 0.721 
Population - - 0.642 7 0.699 
Stage*Population - - 0.477 7 0.851 
Mass*Population - - 1.025 7 0.414 
Stage*Mass - - 0.166 1 0.684 
Big Qualicum 0.741 3.496  227 0.832 
Capilano 5.281 3.497  230 0.132 
Chilliwack 0.129 3.119  229 0.967 
Nitinat -0.097 4.066  228 0.981 
Puntledge 2.408 3.632  230 0.508 
Quinsam 2.203 3.882  219 0.571 
Robertson Creek 3.002 3.518  225 0.394 
CRABP1A Intercept 2.933 0.467 - - <0.0001 
Stage 0.534 0.524 0.375 1 0.540 
Mass 0.002 0.003 0.093 1 0.760 
Population - - 0.703 7 0.670 
Stage*Population - - 1.154 7 0.328 
Mass*Population - - 0.773 7 0.610 
Stage*Mass - - 0.089 1 0.766 
Big Qualicum 0.714 0.717  412 0.320 
Capilano -0.334 0.761  412 0.661 
Chilliwack -0.026 0.670  412 0.969 
Nitinat 1.193 0.664  412 0.073 
Puntledge 0.180 0.722  412 0.803 
Quinsam -0.129 0.868  412 0.881 
Robertson Creek 0.186 0.829  412 0.823 
CRF Intercept 5.384 0.755 - - <0.0001 
Stage 2.740 0.844 14.439 1 0.0002 
Mass 0.006 0.004 0.124 1 0.725 
Population - - 0.429 7 0.884 
Stage*Population - - 0.467 7 0.858 
Mass*Population - - 0.469 7 0.857 
Stage*Mass - - 0.162 1 0.687 
Big Qualicum 0.959 1.240  263 0.440 
Capilano 1.204 1.221  261 0.325 
Chilliwack 0.067 1.071  182 0.951 
Nitinat 0.888 1.124  233 0.430 
Puntledge 1.252 1.174  240 0.287 
Quinsam 1.538 1.384  333 0.268 
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Robertson Creek 0.750 1.304  305 0.566 
CTNNB1 Intercept 1.734 0.431 - - <0.0001 
Stage -0.500 0.482 0.018 1 0.894 
Mass -0.003 0.002 1.051 1 0.306 
Population - - 1.587 7 0.140 
Stage*Population - - 1.821 7 0.084 
Mass*Population - - 1.877 7 0.073 
Stage*Mass - - 1.057 1 0.305 
Big Qualicum -1.954 0.664  204 0.004 
Capilano -0.144 0.69  263 0.836 
Chilliwack 0.141 0.620  188 0.820 
Nitinat -0.338 0.613  186 0.582 
Puntledge -0.208 0.663  231 0.754 
Quinsam -0.764 0.782  349 0.330 
Robertson Creek -0.243 0.748  320 0.746 
DCLK Intercept 4.714 0.296 - - <0.0001 
Stage 0.440 0.330 0.381 1 0.537 
Mass 0.003 0.002 0.129 1 0.719 
Population - - 0.778 7 0.606 
Stage*Population - - 1.214 7 0.294 
Mass*Population - - 1.297 7 0.250 
Stage*Mass - - 0.122 1 0.727 
Big Qualicum 0.363 0.454  407 0.425 
Capilano 0.445 0.480  392 0.355 
Chilliwack 0.585 0.425  398 0.169 
Nitinat 1.078 0.421  395 0.011 
Puntledge 0.303 0.456  385 0.507 
Quinsam 0.256 0.545  396 0.639 
Robertson Creek 0.563 0.524  408 0.283 
DISC1 Intercept 7.057 0.675 - - <0.0001 
Stage 0.216 0.746 0.432 1 0.511 
Mass 0.001 0.004 0.286 1 0.593 
Population - - 1.191 7 0.308 
Stage*Population - - 0.998 7 0.433 
Mass*Population - - 0.956 7 0.463 
Stage*Mass - - 0.307 1 0.580 
Big Qualicum -0.122 1.072  260 0.909 
Capilano 0.126 1.049  273 0.905 
Chilliwack 0.231 0.946  190 0.808 
Nitinat -0.308 0.983  222 0.754 
Puntledge 1.795 1.023  245 0.081 
Quinsam 0.351 1.168  329 0.764 
Robertson Creek -1.045 1.126  305 0.354 
FGFR1A Intercept 7.300 0.659 - - <0.0001 
Stage -0.640 0.764 1.061 1 0.304 
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Mass -0.007 0.004 0.499 1 0.481 
Population - - 1.490 7 0.172 
Stage*Population - - 1.664 7 0.119 
Mass*Population - - 1.676 7 0.116 
Stage*Mass - - 0.491 1 0.484 
Big Qualicum -0.854 1.091  232 0.434 
Capilano -2.809 1.075  232 0.010 
Chilliwack -0.509 0.967  232 0.599 
Nitinat -0.728 1.064  232 0.495 
Puntledge -2.016 1.030  232 0.052 
Quinsam 0.3911 1.679  232 0.816 
Robertson Creek -2.371 1.160  232 0.042 
GH Intercept -6.292 3.354 - - 0.063 
Stage 12.220 3.702 39.164 1 <0.0001 
Mass 0.0624 0.018 2.495 1 0.116 
Population - - 1.243 7 0.281 
Stage*Population - - 1.493 7 0.171 
Mass*Population - - 2.171 7 0.038 
Stage*Mass - - 3.408 1 0.066 
Big Qualicum 0.510 4.824  221 0.916 
Capilano 0.127 4.984  232 0.981 
Chilliwack -2.151 5.805  245 0.711 
Nitinat -0.864 6.700  243 0.897 
Puntledge 1.743 4.673  219 0.710 
Quinsam -2.392 5.821  235 0.682 
Robertson Creek 11.880 4.930  235 0.017 
GNRH Intercept 9.906 0.415 - - <0.0001 
Stage -0.176 0.464 3.017 1 0.083 
Mass -0.004 0.002 1.856 1 0.174 
Population - - 0.987 7 0.441 
Stage*Population - - 0.661 7 0.705 
Mass*Population - - 0.882 7 0.520 
Stage*Mass - - 1.824 1 0.178 
Big Qualicum -0.548 0.676  196 0.418 
Capilano -0.877 0.661  229 0.186 
Chilliwack -0.291 0.591  196 0.623 
Nitinat -0.487 0.597  216 0.416 
Puntledge -1.062 0.637  229 0.097 
Quinsam -1.286 0.750  329 0.087 
Robertson Creek -1.164 0.720  309 0.107 
GR1 Intercept 7.742 0.652 - - <0.0001 
Stage 0.682 0.731 10.476 1 0.001 
Mass -0.004 0.004 2.025 1 0.156 
Population - - 0.872 7 0.529 
Stage*Population - - 0.562 7 0.787 
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Mass*Population - - 0.961 7 0.459 
Stage*Mass - - 2.073 1 0.151 
Big Qualicum -0.654 1.111  354 0.556 
Capilano -1.598 1.045  353 0.128 
Chilliwack -0.676 0.960  350 0.482 
Nitinat -0.370 0.973  348 0.704 
Puntledge -0.528 1.011  354 0.601 
Quinsam -1.170 1.196  356 0.329 
Robertson Creek -2.117 1.129  351 0.062 
GR2 Intercept 6.107 0.360 - - <0.0001 
Stage 0.168 0.404 1.569 1 0.211 
Mass 0.001 0.002 0.227 1 0.979 
Population - - 1.778 7 0.183 
Stage*Population - - 0.574 7 0.777 
Mass*Population - - 0.428 7 0.885 
Stage*Mass - - 1.646 1 0.200 
Big Qualicum 0.026 0.597  369 0.966 
Capilano -0.509 0.584  375 0.384 
Chilliwack -0.063 0.523  379 0.904 
Nitinat -0.198 0.545  376 0.715 
Puntledge 0.132 0.571  383 0.818 
Quinsam -0.435 0.666  387 0.514 
Robertson Creek 0.424 0.638  380 0.507 
GRIN1A Intercept 3.423 0.409 - - <0.0001 
Stage -0.678 0.458 2.454 1 0.118 
Mass -0.004 0.002 0.132 1 0.716 
Population - - 1.926 7 0.064 
Stage*Population - - 1.776 7 0.090 
Mass*Population - - 1.403 7 0.202 
Stage*Mass - - 0.174 1 0.677 
Big Qualicum 0.807 0.656  402 0.220 
Capilano -1.015 0.658  402 0.124 
Chilliwack -0.603 0.592  402 0.309 
Nitinat 0.216 0.594  402 0.717 
Puntledge -0.473 0.636  402 0.457 
Quinsam -1.062 0.753  402 0.159 
Robertson Creek -1.330 0.721  402 0.066 
PCNA Intercept 9.260 5.547 - - <0.0001 
Stage -0.035 0.615 0.162 1 0.6877 
Mass -0.0001 0.003 0.144 1 0.7045 
Population - - 0.462 7 0.8613 
Stage*Population - - 0.657 7 0.7086 
Mass*Population - - 0.646 7 0.7179 
Stage*Mass - - 0.138 1 0.7104 
Big Qualicum -0.521 0.910  374 0.567 
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Capilano -0.246 0.878  373 0.779 
Chilliwack 0.789 0.793  367 0.32 
Nitinat -0.255 0.828  369 0.758 
Puntledge 0.516 0.858  378 0.548 
Quinsam 0.267 0.995  382 0.788 
Robertson Creek 0.725 1.422  372 0.61 
POMC Intercept 2.253 2.948 - - 0.4453 
Stage 5.451 3.306 29.272 1 <0.0001 
Mass 0.020 0.016 1.207 1 0.273 
Population - - 1.950 7 0.062 
Stage*Population - - 2.583 7 0.013 
Mass*Population - - 2.535 7 0.015 
Stage*Mass - - 1.667 1 0.198 
Big Qualicum -4.308 4.554  348 0.345 
Capilano -10.325 4.535  307 0.023 
Chilliwack 3.731 4.258  333 0.382 
Nitinat -5.738 4.143  348 0.167 
Puntledge -5.430 4.402  334 0.218 
Quinsam -11.302 5.524  339 0.042 
Robertson Creek 2.449 4.948  360 0.621 
SHH Intercept 8.062 1.162 - - <0.0001 
Stage 0.261 1.315 0.656 1 0.419 
Mass -0.0002 0.006 0.198 1 0.657 
Population - - 0.296 7 0.955 
Stage*Population - - 0.415 7 0.893 
Mass*Population - - 0.321 7 0.944 
Stage*Mass - - 0.226 1 0.635 
Big Qualicum -0.119 1.927  352 0.951 
Capilano -1.431 1.850  352 0.440 
Chilliwack -0.742 1.735  352 0.669 
Nitinat 0.369 1.762  352 0.834 
Puntledge 0.826 1.816  352 0.649 
Quinsam 0.307 2.149  352 0.886 
Robertson Creek 0.270 2.020  352 0.894 
SN25A Intercept -2.432 0.480 - - <0.0001 
Stage 0.853 0.527 5.903 1 0.016 
Mass 0.000 0.003 0.708 1 0.964 
Population - - 0.002 7 0.666 
Stage*Population - - 1.063 7 0.387 
Mass*Population - - 0.697 7 0.674 
Stage*Mass - - 0.001 1 0.977 
Big Qualicum 0.665 0.726  236 0.360 
Capilano -0.234 0.754  288 0.757 
Chilliwack 0.549 0.688  242 0.435 
Nitinat 0.938 0.673  233 0.164 
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Puntledge -0.317 0.726  263 0.662 
Quinsam -0.277 0.848  356 0.745 
Robertson Creek 0.714 0.816  340 0.382 
VANGL2 Intercept -3.529 1.853 - - 0.058 
Stage 2.062 2.072 3.229 1 0.073 
Mass -0.000 0.010 3.521 1 0.061 
Population - - 0.607 7 0.750 
Stage*Population - - 0.723 7 0.653 
Mass*Population - - 0.672 7 0.696 
Stage*Mass - - 3.538 1 0.061 
Big Qualicum -0.399 3.017  281 0.895 
Capilano 0.241 3.036  300 0.937 
Chilliwack -3.442 2.697  228 0.203 
Nitinat -2.640 2.775  267 0.342 
Puntledge 1.614 2.852  273 0.572 
Quinsam 0.877 3.353  333 0.795 
Robertson Creek 0.103 3.169  311 0.974 
ZIC2A Intercept 4.490 0.424 - - <0.0001 
Stage 0.108 0.474 2.374 1 0.124 
Mass -0.001 0.002 1.261 1 0.860 
Population - - 0.031 7 0.270 
Stage*Population - - 1.194 7 0.306 
Mass*Population - - 1.148 7 0.332 
Stage*Mass - - 0.018 1 0.893 
Big Qualicum -0.819 0.699  266 0.243 
Capilano 0.035 0.678  255 0.959 
Chilliwack -0.897 0.618  237 0.148 
Nitinat 0.291 0.616  246 0.638 
Puntledge -0.157 0.659  262 0.812 
Quinsam -0.712 0.779  349 0.361 
Robertson Creek -1.401 0.746  331 0.061 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
	  	   114	  
Table 3.4 Summary of random effects for the linear mixed models in Table 3.3. P-values 
listed are raw and significance is determined post-FDR correction. Bolded values are 
significant at the α = 0.05 level.  
 
Gene Family Effect 
Barrel/sea 
pen Effect 
AVT 1.00 0.60 
BDNF 0.20 1.00 
CALM2A 1.00 1.00 
CNR1 0.70 1.00 
CRABP1A 1.00 1.00 
CRF 1.00 0.80 
CTNNB1 0.90 0.20 
DCLK 0.10 1.00 
DISC1 0.60 0.20 
FGFR1A 1.00 1.00 
GH 0.20 0.70 
GNRH 0.50 0.90 
GR1 0.007 1.00 
GR2 0.80 1.00 
GRIN1A 1.00 1.00 
PCNA 0.10 1.00 
POMC 0.90 1.00 
SHH 1.00 1.00 
SN25A 0.01 0.32 
VANGL2 0.70 0.40 
ZIC2A 1.00 1.00 
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Table 3.5 Factor loadings of transcriptional data of neural genes in fresh water. 
 
Gene PC Loadings 
 PC1: PC2: PC3: PC4: 
BDNF 0.2632 0.6741 -0.0106 0.1208 
CALM2A 0.2309 0.2753 -0.1705 0.5619 
CNR1 -0.0555 0.1904 0.2057 0.7771 
CRABP1A 0.6375 0.3635 0.2155 0.4572 
CTNNB1 -0.3322 -0.0475 0.7629 -0.0882 
DCLK 0.1965 0.1405 0.5044 0.2348 
DISC1 0.5621 0.2890 -0.1292 -0.1311 
GNRH 0.1527 0.2855 0.5322 -0.3165 
GRIN1A 0.8145 -0.1668 0.1965 0.0775 
PCNA 0.2278 0.5652 0.2273 0.0003 
SHH 0.0409 0.7897 0.0235 0.1512 
SN25A 0.3858 -0.1177 0.7503 0.2185 
VANGL2 -0.0788 0.7505 -0.0259 0.3122 
ZIC2A 0.8002 0.2646 0.1051 0.0890 
Eigenvalue 3.43 3.09 1.53 1.20 
Variance Explained 18.09 17.88 13.72 10.76 
Total Variance 60.44 
  
 
 
Table 3.6 Factor loadings of transcriptional data of neural genes in salt water. 
 
Gene  PC Loadings 
 PC1: PC2: PC3: PC4: 
BDNF 0.1528 -0.1802 0.7073 0.0600 
CALM2A -0.0245 -0.5045 -0.0565 0.6575 
CNR1 0.0827 0.1088 0.0286 0.8458 
CRABP1A 0.8341 0.0945 0.2169 0.2087 
CTNNB1 0.1105 0.8855 -0.1537 -0.0731 
DCLK 0.6463 0.4485 0.0687 0.0025 
DISC1 0.2465 -0.5065 0.4530 -0.0729 
GNRH 0.0667 0.6544 0.1854 -0.0483 
GRIN1A 0.9239 0.0431 -0.0700 -0.1252 
PCNA 0.0301 0.2110 0.6535 -0.0138 
SHH 0.0066 0.01741 0.6144 0.4571 
SN25A 0.5775 0.6854 -0.1512 -0.0081 
VANGL2 -0.0330 -0.1125 0.4954 0.6037 
ZIC2A 0.6254 -0.1902 0.4503 0.0340 
Eigenvalue 3.43 3.08 1.53 1.20 
Variance 
Explained 
20.02 18.17 15.00 12.85 
Total Variance                       66.04 
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Table 3.7 Factor loadings of transcriptional data of stress and behaviour genes in fresh 
water. 
 
Gene PC Loadings 
 PC1: PC2: PC3: 
AVT 0.3790 -0.2128 0.6707 
CRF 0.7700 0.2308 -0.0198 
FGFR1A 0.2886 0.5691 0.0599 
GR1 0.7802 0.1099 0.0862 
GR2 0.0608 0.8585 0.0132 
POMC 0.1566 0.2403 0.8321 
Eigenvalue 1.80 1.08 1.00 
Variance Explained 24.29 20.49 19.23 
Total Variance  64.01  
 
 
 
Table 3.8 Factor loadings of transcriptional data of stress and behaviour genes in salt 
water. 
 
Gene PC Loadings 
 PC1: PC2: PC3: 
AVT 0.0244 -0.0217 0.8481 
CRF 0.6963 0.0423 0.3680 
FGFR1A -0.0809 0.7616 0.2322 
GR1 0.4442 0.3999 0.3894 
GR2 0.8466 -0.0754 -0.2158 
POMC 0.0705 0.7870 -0.2438 
Eigenvalue 1.68 1.25 1.01 
Variance Explained 23.52 22.79 19.74 
Total Variance  65.74  
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Table 3.9 Summary of linear mixed model results examining the effects of 
transcriptional profiles on performance metrics. Population, family and barrel were 
included as random effects. Bolded values are significant at the α = 0.05 level.  
 
Performance Fixed Effects Estimate SE F df P 
 
 
 
Freshwater 
Mass 
Intercept 3.86 0.12 - - <0.0001 
FW Neural Factor 1 0.09 0.10 0.87 188 0.352 
FW Neural Factor 2 -0.02 0.10 0.05 189 0.827 
FW Neural Factor 3 0.08 0.08 0.94 189 0.335 
FW Neural Factor 4 -0.09 0.08 1.23 191 0.269 
FW Stress/Beh Factor 1 -0.06 0.11 0.39 190 0.534 
FW Stress/Beh Factor 2 -0.09 0.09 0.93 191 0.336 
FW Stress/Beh Factor 3 0.00 0.08 0.00 193 0.991 
 
 
 
Freshwater 
Biomass 
Intercept 5.16 0.14 - - <0.0001 
FW Neural Factor 1 0.00 0.00 0.94 86 0.335 
FW Neural Factor 2 0.00 0.00 0.10 86 0.755 
FW Neural Factor 3 0.00 0.00 0.13 86 0.723 
FW Neural Factor 4 0.00 0.00 4.40 86 0.039 
FW Stress/Beh Factor 1 0.00 0.00 0.23 86 0.635 
FW Stress/Beh Factor 2 0.00 0.00 1.68 86 0.198 
FW Stress/Beh Factor 3 0.00 0.00 0.80 87 0.372 
 
 
 
Freshwater 
Survival 
Intercept 0.99 0.00 - - <0.0001 
FW Neural Factor 1 0.00 0.00 0.91 102 0.342 
FW Neural Factor 2 0.00 0.00 0.00 103 0.958 
FW Neural Factor 3 0.00 0.00 0.04 100 0.848 
FW Neural Factor 4 0.00 0.00 0.01 102 0.925 
FW Stress/Beh Factor 1 0.00 0.00 0.06 101 0.802 
FW Stress/Beh Factor 2 0.00 0.00 0.43 103 0.515 
FW Stress/Beh Factor 3 0.00 0.00 0.03 106 0.875 
 
 
 
Saltwater 
Mass 
Intercept 184.27 4.83 - - <0.0001 
SW Neural Factor 1 -7.40 5.04 2.16 172 0.144 
SW Neural Factor 2 -3.76 4.46 0.71 174 0.401 
SW Neural Factor 3 -0.23 5.36 0.00 177 0.966 
SW Neural Factor 4 0.64 4.36 0.02 164 0.884 
SW Stress/Beh Factor 1 10.44 5.18 4.06 176 0.045 
SW Stress/Beh Factor 2 9.77 4.70 4.32 145 0.039 
SW Stress/Beh Factor 3 -3.99 5.25 0.55 176 0.459 
 
 
 
Saltwater 
Biomass 
Intercept 154.27 7.01 - - <0.0001 
SW Neural Factor 1 -0.09 0.13 0.48 126 0.492 
SW Neural Factor 2 -0.12 0.12 1.10 126 0.296 
SW Neural Factor 3 0.01 0.15 0.08 126 0.926 
SW Neural Factor 4 -0.08 0.13 0.38 126 0.538 
SW Stress/Beh Factor 1 -0.03 0.15 0.03 126 0.857 
SW Stress/Beh Factor 2 0.211 0.14 2.20 126 0.141 
SW Stress/Beh Factor 3 0.12 0.15 0.59 126 0.443 
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Saltwater 
Survival 
Intercept 0.80 0.03 - - <0.0001 
SW Neural Factor 1 0.00 0.00 0.44 126 0.507 
SW Neural Factor 2 0.00 0.00 1.27 126 0.261 
SW Neural Factor 3 0.00 0.00 0.01 126 0.932 
SW Neural Factor 4 0.00 0.00 0.58 127 0.447 
SW Stress/Beh Factor 1 0.00 0.00 0.03 126 0.852 
SW Stress/Beh Factor 2 0.00 0.00 2.11 126 0.148 
SW Stress/Beh Factor 3 0.00 0.00 0.63 127 0.428 
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Table 3.10 Summary of linear mixed model results examining the effects of candidate 
gene transcription on performance metrics. Population, family and barrel were included 
as random effects. P-values listed are raw and significance is determined post-FDR 
correction. Bolded values are significant at the α = 0.05 level.  
 
Performance Fixed 
Effects 
Estimate SE F df P 
 
Freshwater 
Mass 
AVT 0.170 0.121 1.98 197 0.161 
CRF -0.006 0.06 0.01 198 0.917 
GH -0.041 0.025 2.65 192 0.105 
GR1 -0.102 0.067 2.29 200 0.132 
POMC -0.025 0.021 1.45 203 0.229 
 
 
 
 
 
Freshwater 
Biomass 
AVT -0.005 0.002 6.62 91 0.011 
BDNF 0.000 0.000 1.13 96 0.291 
CRABP1A 0.006 0.003 3.57 95 0.062 
CRF -0.000 0.001 0.29 94 0.589 
GH -0.001 0.000 2.11 94 0.150 
GR1 0.002 0.001 4.73 94 0.032 
GRIN1A 0.009 0.003 9.84 96 0.002 
PCNA 0.001 0.001 1.15 95 0.286 
POMC 0.000 0.000 0.31 96 0.576 
 
 
 
 
 
Freshwater 
Survival 
AVT 0.000 0.000 0.01 116 0.933 
BDNF 0.000 0.000 0.60 106 0.440 
CRABP1A 0.000 0.000 0.12 111 0.727 
CRF 0.000 0.000 0.57 106 0.453 
GR1 0.000 0.000 0.83 110 0.364 
GRIN1A 0.000 0.000 4.36 110 0.039 
PCNA 0.000 0.000 4.00 105 0.048 
POMC 0.000 0.000 0.03 110 0.873 
SHH 0.000 0.000 0.044 110 0.834 
VANGL2 0.000 0.000 0.01 109 0.918 
 
Saltwater 
Mass 
AVT 0.645 5.551 0.01 191 0.908 
CRF 6.375 3.519 3.28 192 0.072 
GH 2.525 0.801 9.95 142 0.002 
GR1 -0.504 4.104 0.02 193 0.902 
POMC 2.616 0.677 14.92 190 0.0002 
 
 
 
 
 
Saltwater 
Biomass 
AVT 0.165 0.292 0.32 141 0.574 
BDNF -0.103 0.124 0.68 141 0.411 
CRABP1A -0.278 0.418 0.44 140 0.508 
CRF -0.044 0.189 0.06 141 0.815 
GH 0.036 0.032 1.24 137 0.268 
GR1 -0.306 0.217 1.98 141 0.161 
GRIN1A -0.128 0.400 0.10 140 0.749 
PCNA -0.054 0.288 0.04 140 0.851 
POMC 0.030 0.039 0.58 141 0.449 
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Saltwater 
Survival 
AVT 0.000 0.000 0.37 141 0.545 
BDNF 0.000 0.000 3.55 141 0.062 
CRABP1A -0.000 0.001 0.18 140 0.670 
CRF 0.000 0.000 1.34 141 0.249 
GR1 -0.001 0.001 10.96 141 0.001 
GRIN1A 0.000 0.000 0.00 141 0.949 
PCNA 0.000 0.001 0.29 140 0.593 
POMC 0.000 0.000 0.55 141 0.460 
SHH 0.000 0.000 1.50 141 0.223 
VANGL2 0.000 0.000 0.12 141 0.728 
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Figures 
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Figure 3.1 Average population transcription for each target gene associated with stress 
response, behaviour and somatic growth. For visual inspection only, statistical differences 
found in Table 3.3. 
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Figure 3.2 Average population transcription for each target gene associated with 
neurogenesis and neuroplasticity. For visual inspection only, statistical differences found 
in Table 3.3. 
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Figure 3.3 Genes with statistically significant differences in transcription between 
juveniles and adults as determined by LMM summarized in Table 3.3. 	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Figure 3.4 Visual representation of PCoA based on gene averages. Non-statistical 
clusters are circled to show associations of genes. Gene symbols are determined by 
function.  	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CHAPTER 4– GENERAL DISCUSSION 
Introduction: the importance of phenotypic change for acclimation 
Acclimation is defined as an individual’s response to the environment with reversible 
phenotypic modifications and requires no change in genotype (Withers 1992; Hendry et 
al. 2008). An individual that has the ability to respond to environmental changes, 
stressors or new environments through changes in phenotype are phenotypically plastic 
and can result in increased fitness (Ghalambor et al. 2007). Environmentally induced 
changes in phenotypes can occur across multiple biological topics: behaviour, 
morphology and physiology. For example, three species of Centrarchidae experience 
differential changes in body morphology exposed to two types of water flow where each 
morphological response has impacts on swimming ability and most likely fitness (Istead 
et al. 2015). Studies on juvenile coho salmon (Oncorhynchus kisutch) show adaptive 
flexibility in foraging behaviour when they experience differences in food abundance and 
intruder threats, where territory sizes are smaller when more food is available, and 
individuals act more aggressively when hungry (Dill and Fraser 1984). Lastly, a 
comprehensive analysis of physiological responses of ectotherms to warming 
temperatures found that acclimation to increased temperatures (via metabolic rates and 
enzyme activity) decreases the sensitivity of individuals to environmental temperature 
changes (Seebacher et al. 2014).  
An important example of environmental change to consider is the exposure of 
organisms to a new environment, specifically, captivity. In captivity animals can 
experience a novel set of environmental pressures such as novel diseases, new diets, 
unnatural densities, artificial substrates and lights (Mason et al. 2013). Organisms that are 
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stringent in their response to their environments (i.e-lack flexibility in their response) and 
populations that lack variation in phenotypic traits most likely will not succeed in 
captivity (Sih et al. 2011). Although each data chapter used different tools to predict 
outbred Chinook salmon performance in captivity for the goal of aquaculture, neural 
responses and behaviour are closely linked to one another. The underlying ability of 
behavioural flexibility has been proposed in multiple studies. Sih and colleagues (2011) 
reviewed the sensory and cognitive components of behavioural flexibility, where the 
authors state that animals must first encounter, detect, recognize and evaluate before 
responding. Additionally, Sol and colleagues (2005, 2008) found larger brain size (a 
result of neuroplasticity) is associated with behavioural flexibility and directly results in 
the invasion success in mammals and birds.  At each life stage we found behavioural and 
transcriptional differences, which suggest ontogenetic flexibility of phenotypic traits. 
Specifically, each stock showed variation in their compositions of behavioural types 
within each life stage and across life stages; however, there were no significant 
population differences of transcriptional expression for neural genes most likely due to 
within population variation of expression. This within-stock variation allows stocks as a 
whole greater adaptive potential to cope well to environmental stressors, thus resulting in 
greater chances of persistence (Sih et al. 2011).  
 Together my results support the idea that behaviour and neural transcriptional 
responses can affect the performance (size, biomass, survival) of salmon in a novel 
environment. In Chapter 2 and 3 I show that freshwater behavioural types and 
transcriptional profiles are able to predict growth and survival. Being less shy or 
exploratory or more social, and down regulating genes associated with synaptic plasticity 
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(cnr1 and calm2a) can result in significantly larger mass and family-level biomass 
(average size and number of survivors), respectively, in juveniles. The performance of 
adults was dictated by other behaviours and transcriptional profiles. Individuals that were 
more willing to take risks resulted in a larger family-level biomass, while the down 
regulation of CRF, gr1, gr2, fgfr1a and POMC was associated with larger size in salt 
water.  
 In each of Chapter 2 and 3 only one trait or gene was predictive of survival. In 
Chapter 2 being less shy as a juvenile resulted in greater survival in salt water. In Chapter 
3 only gr1 was predictive of family survival where an up-regulation of gr1 was related to 
greater family-level survival. This project has shown that both behavioural and neural 
traits are useful in predicting performance in aquaculture, but should be repeated to test 
whether repeatability exists and if these results are therefore reliable indicators of 
survival. Other studies have found similar results regarding shyness and glucocorticoid 
receptors involved in stress responses (Smith and Blumstein 2009; Alderman et al. 2012). 
  This study also stresses the importance of focusing on multi-trait responses. Sih 
and colleagues (2011) suggest studying multiple traits, since responses to environmental 
variability (which usually involves a myriad of different stressors) can be complex and 
interconnected. Our behavioural assays contained sequential tests to target multiple innate 
behaviours as opposed to studying one or two responses to a single assay. In our analysis 
of behavioural results we looked at our behavioural traits co-dependently to 
simultaneously assess the relationships between dependent variables, and this 
multivariate approach provides us with more power to determine whether independent 
variables have significant effects on dependent variables. In chapter 3 our deliberate use 
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of transcriptional profiles (the coordinated expression of genes involved in a pathway or 
function) to assess transcriptional expression as a network of genes recognizes genes are 
involved in complex pathways to control complex functions and responses (Filteau et al. 
2013). The candidate gene approach may be unsuccessful as often genes have multiple 
and unknown function, which makes it difficult to relate the expression of a single gene 
to a complex phenotypic trait (Feltus 2014).  
 
Future directions 
Based on the results of my thesis I am making three general recommendations for future 
research: 1) assess multiple generations, 2) determine if neural transcription can explain 
behavioural traits and variation (i.e., phenotypic integration) and together, resultant 
performance, and 3) apply this methodology to improve conservation success. All traits 
measured in this study were done within one generation, and although some traits may be 
adaptive and improve aquaculture stock performance through acclimation, it is important 
to know: i) whether these traits are heritable and and continue to be predictive of growth 
and survival (and therefore could provide benefits when selected for in outbreeding 
sources); and ii) how these traits, if they do persist, continue to impact survival in future 
generations. The persistence of these traits can be affected by artificial selection, relaxed 
environmental selection and/or late-acting heterosis or outbreeding depression. Captive 
environments have relaxed environmental selection as deleterious traits that are selected 
against in the wild can persist, while artificial selection can be a powerful tool for 
directional selection of desirable and heritable phenotypes (McDougall et al. 2006). 
However, domestication can also inadvertently select for undesirable traits (Einum and 
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Fleming 2001), which may appear in later generations; and finally, long-term artificial 
selection can result in inbreeding depression, which can affect performance, thus 
necessitating multiple generation assessments. Chinook salmon, being tetraploids, have a 
low rate of recombination causing potential effects of heterosis to be masked in the first 
generation, and/or outbreeding depression to be visible only after several (Lehnert et al. 
2014). Therefore, the continuation of this work past the first generation can yield greater 
insight into the mechanisms that underlie the domestication process. 
Future work should equally focus on the possibility of neural transcriptional 
profiles or candidate genes predicting particular behaviours or behavioural variation. A 
neural response to a changing environment is what dictates behavioural (i.e., learning, 
habituation, and cognition; Salvanes 2013) and physiological responses via the 
neuroendocrine system (i.e., HPI axis/stress-response; Bernier and Peter 2001) elsewhere 
in the body. Linking transcriptional expression to behaviours can improve our 
understanding of how domestication can affect behaviour (Robison and Rowland 2005), 
and how changes in the expression of genes can change over time, influencing intra-
individual variation in behaviour (Fitzpatrick et al. 2005). It is well known that 
behaviour, physiology and morphology can be a part of one integrated phenotype, where 
the interactions of traits effect the overall phenotype (Gilmour et al. 2005). This study has 
the potential to link bother neural responses and behaviour to aquaculture performance. 
Since behaviour isn’t often heritable (heritability of behavioural syndromes being an 
exception (Bell 2004)), and has yet to find explicit links supporting behavioural 
flexibility, we can attempt to determine if a behaviour-neural integrated phenotype exists. 
It will also improve techniques for screening tools for conservation and aquaculture. 
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Screening for transcriptional profiles that are linked to desirable behaviours and 
performance may be a quicker way to determine ideal integrated phenotypes.  
Finally, Pacific salmon are experiencing multiple stressors (overexploitation, 
rising temperatures, habitat degradation) that have impacted their success in the wild 
(Groot and Margolis 1991, Martins et al 2012). The Salmonid Enhancement Program in 
British Columbia, Canada, works to manage and conserve dwindling populations by 
many means, one of which is supplementation of captive raised juvenile salmon. It is 
therefore important to consider individual and population-level traits that are adaptive 
post-release. It has been posited that environmental enrichment (such as plant life or 
gravel substrate) could assist in maintaining adaptive responses to life in the wild post-
release (Brown and Day 2002). As alluded to above, applying this research to areas of 
conservation could assist in identifying traits that may be adaptive for success in a wild 
environment, which should be different from traits that may be adaptive in captivity 
(Brown and Day 2002; McDougall et al. 2006). For example, my research found that less 
shy juveniles are larger in size and have increased survival to salt water, while other 
studies focusing on behavioural traits of released juveniles for population 
supplementation have found that being bold in the wild is linked to mortality (Mittlebach 
et al. 2014); although we would argue that fitness consequences of behavior should be 
context-dependent. Additionally, conducting similar studies with enriched environments 
may indicate how different environments can influence success in aquaculture and in the 
wild. To assess whether traits may be adaptive for survival in the wild, mark and 
recapture or telemetry and predator tags could be used to track movement, survival and 
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reproductive success. Ideally, we would be able to determine if surviving individuals 
have certain behavioural and transcriptional profiles. 
 
Relevance for Pacific salmon aquaculture 
Our study determined both neural and behavioural traits that are adaptive for life in 
captivity that promote productivity in aquaculture in outbred populations. Aquaculture 
has become more important for meeting the growing demand of sustainable food sources, 
as natural populations suffer at the hand of human induced rapid environmental change 
(Mason et al. 2013). As more severe artificial selection processes occur to increase 
productivity and efficiency to meet growing demands, negative results of inbreeding 
(increases the expression of deleterious alleles, compromising fitness) may become a 
reality (Coltman et al. 1998).  Studying a variety of traits and relating them to a 
successful phenotype gives us the opportunity to understand responses to captivity and 
their direct impact on ‘aquaculture fitness’. Using this information to understand Pacific 
salmon is important of itself, as they are economically and ecologically important to 
Canada (Naylor et al. 2001; Department of Fisheries and Oceans Canada 2008). An 
important consideration whenever raising animals in captivity is their welfare, where both 
physiological (maintaining stress responses without allostatic overload) and behavioural 
(limiting aggressive behaviours) measures are considered (Ashley 2006). Being able to 
then apply this knowledge to improve practices of aquaculture outbreeding will become 
increasingly important as aquaculture trends rise.  
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Recommending Traits and Stocks 
 The outcomes of outbreeding can be extremely variable and unpredictable even 
with careful selection of outbreeding sources (Houde et al. 2011), and therefore the 
undertaking of this practice should stress the importance of the systematic assessment of 
many populations to truly determine the best choices. Choosing a wild population for 
outbreeding should infuse genetic variation into an inbred population. In theory this 
variation could mask deleterious alleles resulting in better F1 performance than parental 
generations, but may also result in outbreeding depression where disruption to local 
adaptation (through the introduction of harmful or useless alleles), underdominance, and 
epistasis can contribute to reduced F1 performance (Cote et al., 2014).  
The overall goal of this strategic project was to recommend a wild population or 
individuals that have specific traits that would be beneficial for aquaculture production, 
with offspring showing heterosis (since the maternal line was considered incredibly 
inbred). With respect to stock-level growth and biomass, there were a certain number of 
stocks that performed better than the domestic YIAL line; however, due to the amount of 
within-stock variation, being able to unequivocally recommend a superior-performing 
stock based on my measures drivers of acclimation becomes more of a challenge. Based 
on behavioural results I would recommend choosing at the stock level due to inter-
population variation. None of the populations examined differed greatly in their 
magnitude of behavioural variation (based off of visual inspections of standard error bars 
of the mean behavioural types per stock), which is unsurprising as behaviour is inherently 
variable in nature. Consequently, there would be a reduced risk in selecting an individual 
with an extreme phenotype within a given stock. Based on transcriptional results 
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(showing no strong stock effects), I would recommend choosing individuals with specific 
transcriptional profiles. Consequently, I would recommend the Robertson Creek stock as 
an outbreeding source. Robertson Creek is a progenitor population to the original YIAL 
broodstock, providing genetic similarity as to reduce chances of outbreeding depression. 
Based on behavioural and biomass data, the Robertson creek cross was in the top three 
best performing stocks in fresh water and the best in salt water (at the time of sampling), 
and was characterized by having individuals displaying on average fewer shyness, 
asocial, and exploratory behavioural types in fresh water, and low risk-averse behavioural 
types in salt water. While no significant population differences in neural gene expression 
emerged, I would still propose that Robertson Creek possesses individuals that express 
some of the desirable transcriptional profiles: down regulation of CNR1 and CALM2A 
(Neural Factor 4) in juveniles, and down regulation of CRF, GR1, GR2 (Stress/Beh 
Factor 1) and FGFR1A and POMC (Stress/Beh Factor 2) in adults.  The average Δ Ct 
value for each transcriptional profile is graphed for Robertson Creek and contrasted 
against the mean for all stocks in Figure 4.1. This figure demonstrates that Robertson 
Creek displays an average down-regulation of Neural Factor 4 and Stress/Beh Factor 1 
suggesting individuals within this population can indeed display ideal transcriptional 
responses. Using my behavioural data to narrow population choices, I could then screen 
for desirable transcriptional responses within one population. Since Chinook salmon 
overall have natal philopatry, limiting gene flow, I propose that the Robertson Creek 
population will continue to be a good choice in the short-term at the very least. 
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Conclusions 
Overall my thesis has shown that behavioural and neural transcription expressions are 
important considerations for aquaculture, especially for determining first generation 
success in captivity. Considering sources of phenotypic variation is important for the 
persistence of a population, whether in the wild or captivity. By incorporating knowledge 
of how organisms respond to their environments and traits that exhibit successful 
acclimation into selective breeding programs it could potentially maintain population 
variation and improve animal welfare. 
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Figures 
 
 
Figure 4.1 Comparing average delta Ct values of transcriptional profiles between 
Robertson Creek and all stocks. A bar in greater magnitude represents down-regulation. 
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